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A NEW METHOD FOR THE PREPARATION AND CHARACTERIZATION 
OF POLYSTYRENE NANOCOMPOSİTES 
SUMMARY 
Polystyrene (PS) is a colorless, brittle, rigid and transparent thermoplastic that 
softens slightly above 100 °C and becomes a viscous liquid at around 185 °C. It has 
high consumption in industry because of its low cost and good chemical and physical 
properties, but some features of PS bring restriction of its application. These 
disadvantages can be disappeared and its application area can be wider by its 
modification. Modification of main matrix of polymers is provided with the usage of 
silicate-layered nanoadditives. By the usage of these nanoadditives, nanocomposites 
are produced. Adding nanoclays for production nanocomposites (NC) increase 
modulus, heat resistance, mechanical stability and this addition also decrease gas 
permeability and flammability of the structure. Main reason of this improvement in 
nanocomposites is surface interaction between matrix of polymers and layered 
silicates. Preparation of a nanocomposite requires complete dispersion of all the 
contents. However, hydrophilic structured nanoclay cannot be easily dispersed with 
hydrophobic structured polystyrene. Nanoclays gain more hydrophobic structure 
with its modification for organoclay production, but even this process is not enough 
for complete dispersion. This problem can be solved by the usage of compatibilizer, 
which makes very hydrophobic polystyrene more compatible with organoclay. The 
compatibilizer synthesizes by grafting polar monomers to the main chain of polymer. 
This study includes the effects of addition of polar groups containing 
compatibilizers and non-polar groups including organoclay onto the final properties 
of the PNCs. In these PNCs, 130 kg/mol Mn valued BASF PS was chosen as 
matrix and organoclays and compatibilizers as additives.  
For preparing organoclays, Na-MMT was organically modified by using 
tributylhexadecylphosphonium bromide and benzyldimethylhexadecylammonium 
chloride as single cation modifiers and benzyldimethylhexadecylammonium chloride 
with benzyltributylammonium chloride double cation modifier. Commercially 
modified Nanofiller 2 also used for having a comparison the efficiency of the clay 
modification, which was modified in laboratory and the effects of the different 
organoclays to the PSNC structure. However, even this clay modification was not 
enough for good dispersion. For having strong interaction between non-polar PS and 
polar organoclay, compatibilizers were synthesized by grafting itaconic acid (IA-g-
PS) to the main chain of polystyrene. Commercial compatibilizer, which is called 
styrene-maleic anhydride random (SMA) copolymer also used for comparison the 
efficiency of IA-g-PS prepared.  
The single step melt mixing method was used to prepare polystyrene 
nanocomposites. Two process conditions were chosen as 185 °C, 85 rpm and 5 
minute cycling time and 200 °C, 85 rpm and 5 minute cycling time in order to 
compare the effect of different processing temperatures. Organoclays were used in 
 xxii 
constant ratio as 5% and compatibilizer was added in two different ratios as 10% and 
15%. 
After modification, distance change between the layers of organoclays and PSNCs 
were evaluated by X-ray Diffraction (XRD). The highest distance between the layers 
(d001) for four different organoclays was calculated. The usage of 
tributylhexadecylphosphonium bromide modifier showed the highest d001 value as 
22.1 Å. In the comparison of the PSNC samples, the Sample 11, which prepared with 
addition of 15% SMA copolymer and benzyldimethylhexadecylammonium chloride 
modifier containing organoclay, give the best d001 value as 39.0 Å. Sample 12, which 
was prepared by adding 15% SMA copolymer and Tributylhexadecylphosphonium 
bromide modifier containing organoclay and Sample 13, which was prepared by 
adding 15% IA-g-PS, small amount of layer double hydroxide (LDH) and 
benzyldimethylhexadecylammonium chloride with benzyltributylammonium 
chloride double cation modifier including organoclay have also good results as 35.2 
Å and 35.7 Å d001 values, respectively. Sample 15, which was prepared by adding 
15% IA-g-PS, small amount of LDH and tributylhexadecylphosphonium bromide 
modifier containing organoclay showed the worst d001 value as 21.8 Å. Because of 
this result of Sample 15, other structural characterizations were not made for it. 
Structural characterizations of the PSNC samples were also made by using 
Rheological Analysis. Semi-quantitative measure of nanodispersion (n) values of 
PSNC samples were calculated from the slopes of the log η vs. log ω graphs. The 
results were same with XRD analysis. Sample 11 had the best n value as 36% and 
Sample 12 and Sample 13 had good n percantages as 35%. Sample 14, which 
contains 15% IA-g-PS, small amount of layer double hydroxide (LDH) and 
benzyldimethylhexadecylammonium chloride modified organoclay, had the worst n 
value as 30.5%. After results of these analysis, Transmission Electron Microscopy 
(TEM) were made for Sample 11 and Sample 12, which had better results and 
Sample 14, which had the worst result in order to have a certain idea about structures 
of these samples. The results of TEM were similar with results of XRD and 
Rheological analysis. To sum up, Sample 11 and Sample 12 were interpreted that 
partially exfoliation and poor miscibility was seen for Sample 14. 
Thermal characterization of the PS, compatibilizers and PSNC samples were made 
by using Differential Scanning Calorimetry (DSC), Thermal Gravimetric Analysis 
(TGA) and Gel Permeation Chromatogram (GPC). The results showed that 
processing pure PS and the changes of the processing temperatures did not cause any 
degradation of PSNC samples. They also indicated SMA copolymer containing 
samples had better thermal properties than IA-g-PS including samples. Thermal 
analysis results of the PSNC samples were compatible with the results of the 
structural characterization of the samples. Sample 11 and Sample 13 had better 
thermal properties than other samples. Sample 14 and Sample 15 had the worst 
thermal characterization results. 
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YENİ BİR YÖNTEMLE POLİSTİREN NANOKOMPOZİT HAZIRLANMASI 
VE KARAKTERİZASYONU 
ÖZET 
Polistirenler (PS); 100°C’nin üstünde yumuşamaya başlayan, 185°C civarında ise 
viskoz bir sıvıya dönüşen renksiz, kırılgan, sert ve saydam termoplastik 
polimerlerdir. Ucuz olmalarının yanında gelişmiş kimyasal ve fiziksel özellikleri ve 
düşük maliyetlerdeki ekstürüzyon veya enjeksiyon yöntemleri ile eriyik halde kolay 
işlenebilmeleri sayesinde endüstride çokça tüketilen bir malzeme olmalarına karşın 
bazı özellikleri uygulama alanlarında sınırlamalara neden olur. Modifikasyon işlemi 
yapılarak bu dezavantajlar yok edilip kısıtlanmalarına sebep olan özellikleri 
geliştirilebilmekte ve kullanım alanları genişletilebilmektedir. Sanayide polistirenin 
modifikasyonu, standart katkıların yanında, bromla, kauçuk ile veya blok 
kopolimerleşmesiyle kimyasal olarak yapılmaktadır.  
Modifikasyon işlemi polistiren nanokompozitler de ise malzemenin özelliklerini 
iyileştirmek amacıyla ana matris polimerin modifikasyonu ile yapılabilmektedir. Ana 
matris polimerin modifikasyonu silikat tabakalı nanokatkıların kullanılması suretiyle 
yapılabilmekte ve bu işlem sonucunda nanokompozitler üretilebilmektedir. 
Nanokompozitlere üretimleri esnasında nanokatkı olarak killerin katılması ve 
modifikasyonun sağlanması onların modülünü, ısısal dayanımını ve mekanik 
kararlılığının arttırmasının yanında gaz geçirgenliğini ve yanmazlığını da 
azaltabilmektedir. Nanokompozitlerde ki bu değişimlerin ana nedeni polimer matris 
ile tabakalı silikat katkılar arasındaki yüzey etkileşimleridir. Bir nanokompozitin 
istenilen özellikleri sağlaması içerisindeki tüm malzemelerin homojen dağılması ile 
sağlanabilir. Fakat polistirenin hidrofobik yapısı ve kilin hidrofilik yapısı bu 
dağılımın iyi bir şekilde olmasını engellemektedir. Nanokillerin modifikasyonu ile 
organokil üretilmesi ve kile hidrofobik bir yapı kazandırılması dahi bu dağılma 
oranını istenilen seviyelere çekememektedir. Bu problem ana polimer zincirine polar 
monomerlerin aşılanmasıyla elde edilmiş uyumlaştırıcıların; nanokompozit 
karışımına eklenmesiyle hidrofobik polistirenin organokil ile daha uyumlu hale 
getirmesi ile çözülebileceği öngörülmektedir. 
Bu çalışma polar gruplar içeren uyumlaştırıcı ve apolar gruplar içeren organokillerin 
polimer nanokompozitin özelliklerine etkisini içermektedir. Polistiren 
nanokompozitlerde; 130 kg/mol sayıca ortalama molekül ağırlığına sahip BASF PS 
matris olarak, uyumalaştırıcılar ve organokiller ise katkı malzemeleri olarak 
kullanılmıştır. 
Organokillerin hazırlanması için, Na-MMT’ler tributilhekzadesilfosfonyum bromür, 
benzildimetilhekzadesilamonyum klorür tek katyonlu modifiye ajanları ve 
benzildimetilhekzadesilamonyum klorür ve benziltribütilamonyum klorür’ün birlikte 
kullanılmasıyla elde edilen çift katyonlu modifiye ajanının kullanılmasıyla organik 
olarak modifiye edildi. Ayrıca ticari olarak benzildimetilstearilamonyum klorür 
modifiye ajanı ile modifiye edilmiş Nanofiller 2, laboratuvarda yapılan kil 
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modifikasyonlarının etkinliğini ve farklı organokillerin polistiren nanokompozit 
yapıya etkisini karşılaştırmak için kullanıldı.  
Yapılan bu kil modifikasyonları bile iyi bir dağılım için yeterli olmadı. Apolar PS ile 
polar organokil arasında kuvvetli bir etkileşim yaratmak için, itakonik asidin 
polistiren ana zincir üzerine aşılanmasıyla sentezlenmiş uyumlaştırıcılar kullanıldı. 
Ayrıca itakonik asit aşılanmış polistirenin etkinliğini karşılaştırmak için ticari bir 
uyumlaştırıcı olan stiren maleik anhidrit kopolimeri kullanıldı. 
Polistiren nanokompozitlerin hazırlanması için tek basamaklı eriyik karıştırma 
yöntemi kullanıldı. Proses sıcaklığının etkisini karşılaştırmak için, 185°C, 85 rpm ve 
5dak. cihaz da bekleme süresi ve 200°C, 85 rpm ve 5dak. cihaz da bekleme süresi 
olmak üzere iki farklı proses koşulunda denemeler yapıldı. Organokiller bütün 
çalışma esnasında sabit bir değerle %5 oranında; uyumlaştırıcılar ise %10 ve %15 
olmak üzere iki farklı oranda eklendi. 
Modifikasyon işleminden sonra organokillerin ve ekstrüzyon işleminden sonra ise 
polistiren nanokompozitlerin tabakaları arasındaki uzaklık değişimi XRD cihazının 
ölçümlerinin yorumlanmasıyla belirlendi. Organokillerin tabakaları arasında ki en 
büyük aralık tributilhekzadesilfosfonyum bromür modifiye ajanı ile modifiye edilmiş 
olan nanokil de 22,1 Å olarak hesaplandı. Polistiren nanokompozitler üzerinde 
yapılan XRD ölçümün sonunda ise; %15 stiren maleik anhidrit kopolimeri ve 
benzildimetilhekzadesilamonyum klorür tek katyonlu modifiye ajanın 
kullanılmasıyla elde edilen örnek 11 gösterdiği 39,0 Å’luk değerle en büyük aralık 
olarak belirlendi. Ayrıca %15 stiren maleik anhidrit kopolimeri ve 
tributilhekzadesilfosfonyum bromür modifiye ajanın kullanılmasıyla elde edilen 
örnek 12 ve %15 itakonik asid aşılanmış PS, az miktarda LDH ve 
benzildimetilhekzadesilamonyum klorür ve benziltribütilamonyum klorür’ün birlikte 
kullanılmasıyla elde edilen çift katyonlu modifiye ajanının kullanılmasıyla 
hazırlanan örnek 13 sırasıyla gösterdikleri 35,2 Å ve 35,7 Å’luk değerlerle iyi bir 
XRD sonucu gösterdi. %15 itakonik asid aşılanmış PS, az miktarda LDH ve 
tributilhekzadesilfosfonyum bromür modifiye ajanının kullanılmasıyla hazırlanan 
örnek 15, 21,8 Å‘luk XRD sonucu ile en kötü sonucu gösterdi. Örnek 15’in 
gösterdiği bu sonucun ardından diğer yapısal analizleri yapılmadı. Polistiren 
nanokompozitlerin yapısal analizleri reolojik analizlerle de yapıldı. Nano boyutta 
dağılımın yarı nicel ölçüsü olan n değerleri log η’e karşı çizilen log ω grafiğinin 
eğimi bulunmasıyla hesaplandı. Bu sonuçlar XRD sonuçları ile aynı çıktı. %36’lık n 
değeri ile örnek 11 en iyi değere sahip iken, %35’lik n değerleri ile örnek 12 ve 
örnek 13 iyi bir dağılım sonucu gösterdi. %15 itakonik asid aşılanmış PS, az 
miktarda LDH ve benzildimetilhekzadesilamonyum klorür modifiye ajanı ile 
modifiye edilmiş organokil içeren örnek 14 ise %30,5’lik n değeri ile en kötü sonuca 
sahipti. Bu sonuçların ardından, en iyi yapısal analiz sonuçlarına sahip olan örnek 11 
ve örnek 12 için ve en kötü sonuçlara sahip olan örnek 14 için daha kesin bir fikir 
edinmek adına TEM analizi yapıldı. TEM sonuçları da XRD ve reolojik sonuçları ile 
uyum gösterdi. Özet olarak, örnek 11 ve örnek 12’nin kısmen dağılım gösterdiğine 
ve örnek 14’ün ise zayıf bir dağılım gösterdiği kanaatine varıldı. 
Polistiren nanokompozitlerin ısısal analizleri DSC, TGA ve GPC analizleri yapılarak 
bulundu. Saf PS’in prosese sokulması ve proses sıcaklığının değiştirilmesi herhangi 
bir bozunmaya yol açmadı. %15 oranında uyumlaştırıcı kullanılmasıyla hazırlanmış 
örnekler %10 oranında uyumlaştırıcı kullanılmasıyla hazırlanan örneklerden daha iyi 
ısısal özellikler gösterdi. Ayrıca SMA kopolimer içeren örnekler itakonik asit 
aşılanmış PS içeren örneklerden daha iyi ısısal özellikler gösterdi. Polistiren 
nanokompozitlerin ısısal analiz sonuçları, örneklerin yapısal karakterizasyon 
 xxv 
sonuçları ile benzerlik gösterdi. Örnek 11 ve örnek 13 diğer örneklerden daha iyi 
ısısal özelikler gösterdi. Örnek 14 ve örnek 15 ise en kötü ısısal karakterizasyon 
sonuçlarına sahipti. 
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1. INTRODUCTION  
Polystyrene (PS) is one of the most widely used polymer in industry due to its good 
physical and chemical properties, low cost and easily process ability. However, some 
features of PS bring restriction of its application. These features can be improved and 
its application area can be wider by its modification. PS can be modified in chemical 
way with bromine, rubber or block copolymerization. Other important modification 
method is nanocomposite production. 
In these years polymer/layered silicate (PLS) nanocomposites (NC) have attracted 
immense interest, both in university research and industry, because they often show 
significant improvement in materials properties when compared with conventional 
micro and macro-composites or virgin polymer. These improvements can include 
high modulus, increased strength, heat resistance, opacity, brittleness and 
biodegradability of biodegradable polymers, decreased gas permeability and 
flammability. The potential for the development of completely new and 
extraordinary materials by adding inorganic nanoparticles into polymer matrix 
reveals the imagination of researchers worldwide and have raised high prospects. 
Although some of expectations have been already applied, there are still open 
challenges in the research area about nanocomposite materials. By description, 
nanocomposite materials comprise the composition of at least two or more different 
basic materials with one of the components being nanoscale in at least one 
dimension. Depending on how many dimensions are in the nanometer range, one can 
distinguish iso dimensional nanoparticles when the three dimensions are on the order 
of nanometers, nanotubes or whiskers when two dimensions are on the nanometer 
scale and the third is larger, thus forming an elongated structure, and, finally, layered 
crystals or clays, present in the form of sheets of one to a few nanometers thick and 
hundreds to thousands nanometers in extent. When incorporating inorganic materials 
with polymers, the favorable features of both can be combined. Inorganic phase of 
nanocomposite gives better mechanical strength, chemical and thermal stability and 
electrical, magnetic and optical properties to the main structure. In contrast, polymers 
primarily offer cheap and easy processing techniques yielding materials with any 
desired shape. 
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PLSNC, which are the subject of the present contribution, are prepared by 
incorporating finely dispersed layered silicate materials in a polymer matrix. 
However, the nanolayers are not easily dispersed in most polymers due to their 
preferred face to face stacking in agglomerated tactoids. Dispersion of the tactoids 
into discrete monolayers is additional hindered by the intrinsic incompatibility of 
hydrophilic-layered silicates and hydrophobic engineering plastics. Therefore, 
layered silicates first need to be organically modified to produce polymer compatible 
clay (organoclay). In fact, it has been well demonstrated that the replacement of the 
inorganic exchange cations in the cavities of the native clay silicate structure by alkyl 
ammonium surfactants can compatibilize the surface chemistry of the clay and a 
hydrophobic polymer matrix. However, even this process is not enough for complete 
dispersion because of some polymers very hydrophobic structure. This problem can 
be solved by the usage of compatibilizer, which makes these hydrophobic polymers 
more compatible with organoclay.  
Subsequently, different approaches can be applied to incorporate the ion-exchanged 
layered silicates in polymer hosts by in situ polymerization, solution intercalation or 
simple melt mixing. In any case, nanoparticles are added to the matrix or matrix 
precursors as 1–100 µm powders, containing associated nanoparticles. The correct 
interfacial between nanoparticles and polymer matrix is critical to transform the 
micron-scale compositional heterogeneity of the initial powder into nanoscale 
homogenization of nanoparticles within a polymeric nanocomposite. For this reason, 
appropriate conditions have to well defined during the nanocomposite preparation 
stage. 
The consequential polymer-layered silicates hybrids have unique properties that are 
attributed the extraordinarily high surface are of dispersed organoclay and their 
nanometer size properties. Essentially, it is well established that dramatic 
improvements in physical properties, such as tensile strength and modulus, gas 
permeability and heat distortion temperature, can be achieved by adding just a small 
fraction of clay to a polymer matrix, without impairing the optical homogeneity of 
the material. Most notable are the unexpected properties obtained from the addition 
of stiff filler to a polymer matrix, e.g. the often reported retention (or even 
improvement) of the impact strength. Since the weight fraction of the
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inorganic additive is typically below %10, the materials are also lighter than most 
conventional composites. 
In this study, polystyrene nanocomposites were synthesized by using modified 
anionic and cationic clays. However, even this modification of clays, which makes 
nanoclays more hydrophobic, does not prevent compatibility problem between 
hydrophobic polystyrene and hydrophilic nanoclays. This problem can be solved by 
the usage of compatibilizer, which make main matrix of polystyrene more 
hydrophilic. In this work, two different types of compatibilizers were used. One of 
them was synthesized in the laboratory by grafting polar monomers to the main chain 
of polystyrene. The second of them commercially synthesized one. After 
modification, distance change between the layers of organoclays and polystyrene 
nanocomposites were evaluated by XRD analysis. Structural characterizations were 
also made by using TEM and rheological measurement. Thermal properties of the 
nanocomposites were characterized by DSC, TGA and GPC analysis. 
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2. THEORETICAL PART  
Although a universal definition of term ‘composite’ does not exist, composites are 
generally described as follows: 
 A composite is a combination of two or more heterogeneous materials, 
 It is multiphase material, built up by combining materials in which the phases 
differ in both composition and form, 
 The phases of the composite retain their identities and properties, and are 
bonded, which is why an interface is maintained between them, 
 A composite provides improved specific or synergistic characteristics that are 
not obtainable by any of original phase alone. 
In general, four types of composite can be distinguished: (i) fibrous composites, 
where the fibers are in a matrix; (ii) laminar composites, in which the phases are in 
layers; (iii) particulate composites, where the particles or flakes are in a matrix; and 
(iv) hybrid composites, which are combinations of any of the above. A composite 
becomes a nanocomposite when at least one of the components is of nanoscale size, 
where the dimension of a basic unit is ≤100 nm in at least one direction. Decreasing 
the size leads to an increase in the surface area and, in turn, to an enhanced cohesion 
between components. The mechanical properties such as compressive strength are 
also generally improved by nanosizing. Depending on the matrix nature of 
nanocomposites may be assigned into these three categories as metallic, ceramic and 
polymeric. The nanoparticles are classified as; 1) lamellar, 2) fibrillar, 3) tubular, 
4) spherical, and 5) others. For the enhancement of mechanical and barrier 
properties of NCs lamellar particles are preferred. For rigidity and strength 
enhancement, fibrillar, for optical and electrical conductivity enhancement, 
spherical or other particles have been used. In polymer nanocomposites (PNC), 
matrix is a single or multicomponent polymer. In this study, PS with its grafted 
copolymers was used as multi component matrix and the organoclays as 
nanoparticle additives. Understanding the PNC structure these main component 
will be discussed: polymer matrixes and clay minerals [1, 2].
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2.1 Polystyrene 
Polystyrene belongs to the group of standard thermoplastics that also includes 
polyethylene, polypropylene and polyvinylchloride [3]. It is an atactic, amorphous, 
inexpensive, rigid, easily molded polymer, which possesses good electrical and 
moisture resistance, with the formula show in Figure 2.1 [4]. 
 
Figure 2.1 : Polystyrene structure 
Because of the chain-stiffening effect of the benzene ring, the Tgs of commercial 
materials are in the range 90-100 °C and isotactic polymers have similar values 
(approx. 100 °C). A consequence of this Tg value plus the amorphous nature of the 
polymer is that we have a material that is hard and transparent at room temperature. 
Above its softening point clear polystyrene occurs as a melt, which can be readily 
processed by techniques such as injection molding or extrusion. Small quantities of 
lubricants can be used internally or externally as processing aids. The addition of 
antistatic agents, UV stabilizers, colorants, compatibilizers and glass fibers is also 
common [5]. 
2.1.1 Classification of Polystyrene 
Except the general purpose polystyrene, polystyrene types can be investigated under 
three main groups as impact-resistant and expandable polystyrene, and polystyrene 
copolymers. 
2.1.1.1. Impact-resistant Polystyrene (HIPS) 
The mechanical properties of the relatively brittle PS molding materials can be 
considerably improved by adding rubbers, generally polybutadiene. Styrene-
butadiene molding materials are generally referred to as impact-resistant 
polystyrene. It is glossy and is an easy to process plastic that is also sturdy and 
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durable. It is furthermore also a rather flexible product that can be used for a diverse 
range of applications because it can resist high impact. The product is hygienic and 
visually attractive [5]. 
The impact-resistant polystyrene is widely used in the food packaging industry 
because of its unique qualities of strength, hygiene, visual appearance, and ability to 
retain heat, while also not deforming because of general warm water application. 
Yogurt holders, plastic cutlery and salad bowls are amongst the products made from 
high impact polystyrene. It is also used in other industries for packaging such as CD 
cases, refrigerator linings as well as in the medical industry as trays. Apart from 
High Impact Polystyrene, various other polystyrenes as mentioned are manufactured 
and used for packaging. 
2.1.1.2. Expandable Polystyrene (EPS) 
Expanded or foamed polystyrene is made by heating polystyrene containing blowing 
agent. The foaming is accomplished by blending a volatile liquid such as methylene 
chloride, propylene, butylenes into the hot melt. As the mixture emerges from 
extruder, the blowing agents release gaseous products that results in a low density 
cellular material. 
Because of its low thermal conductivity, this material has found widespread use as 
thermal insulation used in refrigerators, cold storage rooms, freezer display cases 
and building walls. EPS has the added advantage of being moisture proof. It has 
many packaging uses of its thermal insulation value and shock absorption 
characteristics. Packing in cellular polystyrene can save on shipping and breaking 
costs [4]. 
2.1.1.3. Polystyrene Copolymers 
Styrene-butadiene copolymer was mentioned at the last part. In this section, other 
polystyrene copolymers will be examined. 
Styrene-acrylonitrile copolymer has achieved great economic importance in 
transparent and rubber-modified forms. Compared with the pure styrene polymers 
they have advantages with regard to hardness, strength and resistance to heat 
distortion and environmental stress cracking. However, these advantages are offset 
by higher price and more difficult processing. 
Styrene-maleic anhydride copolymer has a softening point that is up to 30 °C higher 
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than of PS molding materials. These products are used in the form of foams in 
automotive industry [5]. 
The most well known terpolymer of styrene is the acrylonitrile-butadiene-styrene 
terpolymer (ABS), which is used in applications such as pipes and fittings. The 
polymer is produced by dissolving polybutadiene into a monomer mixture of styrene 
and acrylonitrile, which polymerizes in an emulsion process. The terpolymer 
therefore consists of a polybutadiene backbone onto which styrene-acrylonitrile 
copolymers are grafted. 
2.1.2. Properties of Polystyrene 
2.1.2.1. Processing Properties 
Flow properties may be the most important properties of polystyrene processes. 
There are two widely accepted industry methods for the measurement of processing 
properties. These include the melt flow index and the solution viscosity.  
The melt flow index is measured by ASTM method as a measure of the melt 
viscosity at 200 °C and a 5 kg load. The melt flow index of polystyrene is generally 
controlled by adjustment of the molecular weight of the material and by the addition 
of such lubricants as mineral oil. Polystyrenes are commercially produced with melt 
flow ranges of less than 1 to greater than 50, although the most widely available 
grades generally have melt flows between 2.0 and 20 g per 10 min.  
Solution viscosity is another method for measuring the molecular structure of the 
polystyrene. Solution viscosity can be measured as an 8% solution in toluene and 
increases with increasing molecular weight. 
2.1.2.2. Rheological Properties 
Polystyrene is a non-Newtonian fluid with viscoelastic properties. The viscosity of 
polystyrene melts or solutions is defined as the ratio of shear stress to shear rate. 
Generally, as the molecular weight of the polymer is increased or mineral oil is 
decreased, melt viscosity increases. 
2.1.2.3. Mechanical Properties 
Polystyrenes have very low impact strengths of less than 0.5 ft-lb. commercially 
available impact polystyrene grades can be obtained with values of 1.0-4.0 ft-lb. 
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Generally, polystyrenes are not produced with greater than 15% total rubber because 
of polymerization processing constraints. Nevertheless, impact properties can be 
increased substantially without additional rubber by the proper control of rubber 
particle size, percentage of grafting, cross-linking, and percentage of gel.  
Tensile and flexural properties are also important representation of the strength of 
polystyrenes. Increasing the rubber modification of polystyrene generally leads to 
lower tensile strength, crystal grades being stiff and brittle. Tensile strength is also 
decreased by the addition of lubricants, such as mineral oil. Flexural strengths for 
polystyrenes can be obtained from 5000 to 18000 psi and are also decreased by the 
addition of rubber and other additives to the polystyrene. Elongations can be 
obtained from 1% for polystyrene to 100% for some impact polystyrene grades. 
2.1.2.4. Thermal Properties 
Annealed heat distortion is one popular method for measuring the resistance to 
deformation under heat for polystyrenes. The heat distortion temperature is decreased 
by the addition of rubber, mineral oil, or other additives to polystyrene.  
The glass transition temperature for unmodified polystyrene is 373 K, and the glass 
transition temperatures for polybutadienes are 161-205 K, subject to the cis, trans, 
and vinyl content. 
2.1.2.5. Optical Properties 
Crystal polystyrene is a transparent and colorless polymer; high impact polystyrene 
is generally opaque as a result of the rubber particles. Developmental grades of 
translucent impact polystyrenes have been produced but have not gained wide 
acceptance. The major optical; property for high impact polystyrene is gloss. Gloss is 
a measure of the percentage of light reflected is generally controlled by the size of 
the rubber particle. In general, the smaller rubber particle gives higher gloss. Values 
from 20 to 95% reflectance are commercially available [6]. 
2.2. Clay Minerals 
Clay minerals are the characteristic minerals of the earths near surface 
environments. They form in soils and sediments, and by diagenetic and 
hydrothermal alteration of rocks. Water is essential for clay mineral formation and 
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most clay minerals are described as hydrous aluminosilicates. Structurally, the clay 
minerals are composed of planes of cations, arranged in sheets, which may be 
tetrahedrally or octahedrally coordinated (with oxygen), which in turn are arranged 
into layers often described as 2:1 if they involve units composed of two tetrahedral 
and one octahedral sheet or 1:1 if they involve units of alternating tetrahedral and 
octahedral sheets. Additionally some 2:1 clay minerals have interlayers sites 
between successive 2:1 units, which may be occupied by interlayer cations, which 
are often hydrated. The planar structure of clay minerals give rise to characteristic 
platy habit of many and to perfect cleavage, as seen for example in larger hand 
specimens of micas [7]. 
Silicate Mineral Structures 
The two most abundant elements in the crust of the Earth are oxygen and silicon. 
These two elements combine to create the most important mineral forming anionic 
structure and thereby define the largest and most important class of minerals as the 
silicates. In order to discuss silicates and their structure it is first necessary to 
remember that the way atoms are packed together or coordinated by larger anions, 
like oxygen depends on the radius ratio of the cation to the anion, Rx/Ry. The radius 
ratio of Si
+4
 to O
-2
 requires that Si
+4
 be coordinated by 4 O
-2
 ions in tetrahedral 
coordination, and this chemical structure is called as the silicon-oxygen tetrahedron 
(SiO4)
-4
. This structure is in fact a compound anion; that is, while as a unit it carries a 
negative charge it is composed of atoms with individual negative and positive 
charges. At the center of the structure is the silicon ion with a positive four charge. 
Surrounding the silicon in a highly symmetrical structure are four oxygen ions, each 
of which carries a negative two charge. Thus, taken together, the structure has a net 
negative four charge. The most interesting and important aspect of the silicon-
oxygen tetrahedron is its ability to link with other tetrahedron. This linking, or 
polymerization, is a property also shared by neighbor of silicon on the periodic table 
with carbon. Polymerization of carbon atoms produces the complexity of organic 
chemistry, which is the chemical basis of life. Similarly, the polymerization of 
silicon-oxygen tetrahedrons produces the mineral complexity of most of the common 
rock forming minerals [8]. 
There are seven basic crystal structures within the silicate minerals as isolated 
tetrahedrons, two linked tetrahedrons, single-strain chains, double-strain chains, 
 11 
rings, sheets, and three-dimensional frameworks. Each of these basic structures is 
further complicated by small geometric differences as well as variation in their 
cationic (positively charged) chemistry. Taken together the silicate minerals are the 
most important and most abundant class of minerals on Earth. 
Interlayer Formation 
In order to have a stable mineral, there must be some degree of attraction between 
the layers making up the mineral. There is a fundamental difference between the 1:1 
and the 2:1 layers. The 2:1 layer is bounded on both sides by basal oxygen planes 
whereas the 1:1 layer has basal oxygens on one surface and hydroxyls on the other 
surface. The interlayer bonding for the 1:1 layer silicates, whether dioctahedral or 
trioctahedral, is via hydrogen bonds from one hydroxyl surface to the adjacent 
oxygen plane of the neighboring 1:1 layer. These are long hydrogen bonds, but there 
are many of them and thus their contribution to the interlayer bonding is strong. Any 
ionic substitution occurring in the 1:1 layer is usually such that overall electrostatic 
neutrality is maintained, i.e., the layer charge is always zero or very near to zero.  
The 2:1 layer is more complex because it is possible to have a net layer charge. Since 
such a situation would be unstable because of the electrostatic repulsion between all 
the layers, the charge must be balanced by the presence of extra positive charge. 
There is no site in the layer for the placement of this charge (e.g., extra cations), but 
the positively charged entities easily can be situated between the layers.  
The minimum layer charge is zero and the maximum is two. Because the chemical 
and physical properties are strongly influenced by the layer charge, the magnitude of 
the charge is a major factor in the classification of the different types of 2:1 minerals. 
Table 2.1 shows this classification. Note that for the 1:1 structure type and for the 
zero charge 2:1 structures specific minerals have been listed because there are few 
minerals in these categories. The other names, e.g., smectite, are group names and 
are listed instead of specific minerals because of the great variety of individual 
minerals in each group. On rare occasions, interlayer water molecules are found in 
material with the kaolinite 1:1 layer; this variety is called halloysite and is not stable 
under ambient conditions, rapidly losing most of the interlayer water [9]. 
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Table 2.1 : Classification of clays by their layer charge 
 
Traditional structural characterization to determine the orientation and arrangement 
of the alkyl chain was performed using wide-angle X-ray diffraction. Depending on 
the packing density, temperature and alkyl chain length, the chains were thought to 
lay either parallel to the silicate layers forming mono or bilayers, or radiate away 
from the silicate layers forming mono or bimolecular arrangements, which are shown 
in Figure 2.2 [10]. 
 
Figure 2.2 : Arrangements of alkyl ammonium ions in mica-type layered silicates 
with different layer charges. Hatch areas are silicate layers 
2.2.1. Classification of Clay Minerals 
The classification of the phyllosilicate clay minerals is based collectively, on the 
features of layer type (1:1 or 2:1), the dioctahedral or trioctahedral character of the 
octahedral sheets (i.e. 2 out of 3 or 3 out of 3 sites occupied), the magnitude of any 
net negative layer charge due to atomic substitutions, and the nature of the interlayer 
material. 
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The basis on which clay minerals are classified is shown below in Table 2.2 [7]. 
Table 2.2 : Detailed clay classification by Hillier 
LAYER 
TYPE 
Layer charge (q) Group Subgroup Species (e.g.) 
1:1 q≈0 Kaolin-
Serpentine 
Kaolin Kaolinite 
Serpentine Berthierine 
 
 
 
 
2:1 
 
 
 
 
q≈0      q≈1 
 
 
 
 
Increasing 
layer 
charge 
Pyrophyllite-talc Pyrophyllite Pyrophyllite 
Talc Talc 
Smectite (q≈0.2-
0.6) 
Di-smectite Montmorillonite 
Tri-smectite Saponite 
 
Vermiculite 
(q≈0.6-0.9) 
Di-vermiculite Di-vermiculite 
Tri-vermiculite Tri-vermiculite 
Mica (q≈1.0) Di-mica Illite, Muscovite 
Tri-mica Biotite 
 
q variable 
Chlorite Di-chlorite Sudoite 
Tri-chlorite Chamosite 
Sepiolite-
Palygorskite 
Sepiolite Sepiolite 
Palygorskite Palygorskite 
 
Variable 
 
q variable 
 
Mixed-layer 
Di-mica-di-
smectite 
Rectorite 
Tri-chlorite-tri-
smectite 
Corrensite 
In this thesis, the clays will be classified more general by their charge and chemical 
formula. At first it is going to be divided two main groups by their charge as cationic 
and anionic clays and secondly cationic clays will be investigate under four groups as 
Kaolinite, Illite, Chlorite and Smectite groups. 
2.2.2. Cationic Clays 
Cationic clay can be described as the surface of clay particles and organic matter are 
negatively charged and as such are capable of storing and supplying plant nutrients, 
which are positively charged [11]. 
2.2.2.1. Kaolinite Group (two-layer clays) 
The kaolinite group, which has Al2O3·2SiO2·2H2O general chemical formula, is the 
purest of clays, meaning that it varies little in composition. It also does not 
absorb water and does not expand when it comes in contact with water. It  
includes the dioctahedral minerals kaolinite, dickite, nacrite, and halloysite, and the 
trioctahedral minerals antigorite, chamosite, chrysotile, and cronstedite. The primary 
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structural unit of this group is a layer composed of one octahedral sheet condensed 
with one tetrahedral sheet. In the dioctahedral minerals the octahedral site are 
occupied by aluminum; in the trioctahedral minerals these sites are occupied by 
magnesium and iron. Kaolinite and halloysite are single-layer structures. Although 
dickite and nacrite have the same basic structure, the stacking sequence of layers is 
different in these minerals (Dixon, 1989; Moore and Reynolds, 1997). Kaolinite, 
dickite, and nacrite occur as plates; halloysite, which can have a single layer of water 
between its sheets, occurs in a tubular form [12, 13]. 
2.2.2.2. Illite Group (three-layer, non-expanding) 
Illite, which has Ky Al4 (Si8-y,Aly )O20(OH)4 general chemical formula, is essentially a 
group name clay-sized, dioctahedral, micaceous minerals. Illite clays are non-
expanding clays because the K, Ca, or Mg interlayer cations prevent the entrance of 
H2O into the structure. It is structurally similar to muscovite in that its basic unit is a 
layer composed of two inward-pointing silica tetragonal sheets with a central 
octahedral sheet. However, Illite has on average slightly more Si, Mg, Fe, and water 
and slightly less tetrahedral Al and interlayer K than muscovite (Bailey, 1980). The 
weaker interlayer forces caused by fewer interlayer cations in Illite also allow for 
more variability in the manner of stacking (Grim, 1962). Glauconite is the green 
iron-rich member of this group [13, 14]. 
2.2.2.3. Chlorite Group (three-layer with interlayer cations) 
Chlorite group clays have slim grain structure and green color. Its structure is in 
many ways a hybrid of the 2:1 and 1:1 structures. Although it includes a regular 2:1 
layer, the layer charge is balanced by a positively charged sheet of hydroxylated 
cations in octahedral coordination (i.e., a brucite-like or gibbsite-like sheet) thus 
simulating, in a gross sense, the alternating octahedral-tetrahedral structure of a 1:1 
phyllosilicate. The bonding between the interlayer hydroxylated sheet and the 2:1 
layer, however, is distinct from that of the 1:1 minerals in that the oxygen atoms in 
the hydroxylated sheet are not shared with the basal oxygen atoms of the tetrahedral 
sheets on the adjacent 2:1 layers. There is substantial substitution of Mg for Fe, and 
Al can substitute for (Mg, Fe) in both the octahedral sites, as well as for Si in the 
tetrahedral sites. Thus, chlorite can have a rather complicated formula 
as(Mg,Fe,Al)3(Si,Al)4O10(OH)6 Members of the chlorite group include: brunsvigite, 
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chamosite, clinochlore, cookite, diabantite, nimite, pennantite, penninite, ripidolite, 
sheridanite, and thuringite [14, 15, 16]. 
2.2.2.4 Smectite Group (three-layer, expanding lattice) 
The basic structure of 2:1 clay minerals is two silicon tetrahedral layers and one 
aluminum octahedral layer. This layer is weakly held to another 2:1 layer to make the 
2:1 family of clay minerals. An interlayer or the space between the sheets becomes 
an important difference between 2:1 and 1:1 clay minerals. The term "smectite" is 
used to describe a family of expansible 2:1 phyllosilicate clay minerals having 
permanent layer charge because of the isomorphous substitution in either the 
octahedral sheet (typically from the substitution of low charge species such as Mg
2+
, 
Fe
2+
, or Mn
2+
 for Al
3+
) or the tetrahedral sheet (where Al
3+
 or occasionally Fe
3+
 
substitutes for Si
4+
). It is common for smectites to have both tetrahedral charge and 
octahedral charge, which is shown in Figure 2.3. 
 
Figure 2.3 : Structure of smectites 
These isomorphous substitutions lead to net negative charges on the clay structure, 
which must be satisfied by the presence of charge-balancing cations somewhere else 
in the structure. The interlayer is hydrated, which allows cations to move freely in 
and out of the structure. Because the interlayer is open and hydrated, cations may be 
present within the interlayer to balance negative charges on the sheets themselves. 
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These cations between the layers are part of the cation exchange capacity of the soil. 
Smectites will have a CEC of around 80 to 150 meq/100 g. 
The interlayer in smectites is not only hydrated, but it is also expansible; that is, the 
separation between individual smectite sheets varies depending on: 1) the type of 
interlayer cations present (monovalent cations like Na
+
 cause more expansion than 
do divalent cations like Ca
2+
), 2) the concentration of ions in the surrounding 
solution, and 3) the amount of water present in the soil. 
Because the interlayer is expansible, smectites are often referred to as "swelling 
clays". Soils having high concentrations of smectites can undergo as much as a 30% 
volume change due to wetting and drying or these soils have a high shrink/swell 
potential. These dramatic changes in soil volume are responsible for the properties of 
soils in the Vertisol order, which form deep cracks upon drying [17]. 
The smectites are the most important in terms of the clay- polymer interaction. It 
includes as members Montmorillonite, nontronite, volkonskoite, beidellite and the 
less common hectorite, saponite and sauconite. The most common smectite is 
Montmorillonite, with a general chemical formula: 
(½Ca,Na)(Al,Mg,Fe)4(Si,Al)8O20(OH)4
.nH2O. Montmorillonites are three-layer 
minerals consisting of two tetrahedral layers sandwiched around a central octahedral 
layer (Figure). Oxide anions at the apices of the tetrahedral subunits are directed 
inward where they surround interior aluminium, iron and magnesium cations, 
thereby forming the octahedral subunits of the octahedral layer. Bonding, between 
the shared interior oxide anions and the cations in both the tetrahedral and the 
octahedral layers, links the layers together and yields the unique sheet structure 
characteristic of clay minerals. For montmorillonite, the total negative charge 
contributed to the structure by the sum of all the oxide anions (O=) is somewhat in 
excess of the total positive charge contributed by the sum of all the structural cations 
(Si
+4
, Al
+3
, Fe
+2
, Fe
+3
, Mg
+2
) and imparts a slight overall negative charge to the 
surfaces of the clay sheets. This slight excess negative charge on the sheets is 
counterbalanced by free-moving (exchangeable) cations, which exist between them. 
These three layers in each sheet comprise individual bentonite platelets, which are 
typically 1 nm in thickness and 0.2-2 microns in diameter. Dry platelets of sodium 
bentonite are most commonly grouped together in a face-to-face arrangement, with 
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exchangeable cations and small amounts of adsorbed wares in an interlayer region 
between each platelet. The thickness of the interlayer region is variable depending on 
the amount of water adsorbed between the platelets [18, 19]. 
2.2.2.5. Modification of Cationic Clays 
Montmorillonite, and other layered silicate clays, have naturally hydrophilic 
character. This makes them poorly suited to mixing and interacting with most 
polymer matrices, which are mostly hydrophobic. Furthermore, the stacks of clay 
platelets are held tightly together by electrostatic forces. Counter ions are attracted 
to the net negative charge within the clay platelets and they can be shared by two 
neighboring platelets, resulting in stacks of platelets that are tightly held together. 
Because of this structure, the clay must be treated before it can be used to make a 
nanocomposite. After all, these stacks of clay platelets are much larger than one 
nanometer in every dimension. Making a composite out of untreated clay would 
not be a very effective use of material, because most of the clay would be stuck 
inside, unable to interact with the polymer matrix. 
The easiest method of modifying the clay surface, making it more compatible with 
an organic matrix, is ion exchanging. The cations are not strongly bound to the 
clay surface, so small molecule cations can replace the cations present on the clay. 
For example, in the Figure 2.4 below, the green cations are sodium ions. Some of 
them have been replaced by another cation. 
 
Figure 2.4 : Clay surface containing organic and metal ions 
If the red cations are quaternary ammonium ions with long alkyl chains, this clay 
would be much more compatible with an organic matrix. By exchanging it with 
various organic cations, montmorillonite clay can be compatibilized with a wide 
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variety of matrix polymers. At the same time, this process helps to separate the clay 
platelets so that they can be more easily intercalated  and exfoliated. Nanocomposites 
can then be made from the intercalated or exfoliated clay. An ion exchanging process 
is used in the production of the first commercial clay nanocomposite [20]. 
Cation Exchange Capacity 
The CEC may be defined as the quantity of exchangeable cations expressed in 
milliequivalents per 100 g of fully dehydrated mineral (Van Olphen, 1977) or more 
accurately expressed in meq per 100 g of ignited weight of clay (Newman, 1987). 
The principle on which current methods are based is the replacement of the original 
cations in an aqueous clay suspension [21]. Cations can only be exchanged if they 
are weakly bonded to the external or internal surfaces (interlayer spaces) of crystals. 
The external CEC depends on the number of bonding sites of cations on the external 
surfaces. These negatively charged sites correspond to charges resulting from the 
tetrahedral or octahedral substitutions of those sheets forming the (001) faces, or to 
defects emerging on these faces. Therefore, the external CEC is a direct function of 
the crystal size: for a given volume or mass, the bigger the external surfaces, the 
smaller crystal size. Consequently, the measurement of the external CEC gives 
information on the mean crystal sizes. 
 The internal CEC reflects the charge deficiency of 2:1 in the case of vermiculites 
and smectites. Consequently, the internal CEC depends on the permanent charges of 
clay species. One might think that the higher the structural charges, the greater the 
CEC. This would mean that the CEC of micas should be greater than that of 
smectites or vermiculites. In reality, it is opposite because when structural charges 
are too high, cations are irreversibly fixed in the interlayer spaces. Because of the 
competition between H
+
 and the other cation for absorption on the exchangeable 
sites, the CEC is measured at pH= 7 at room temperature [22]. 
The general cation exchange capacity of natural or synthetic clay minerals is 
between 50–200 meq/100 gr. Because of the cation exchange capacity is higher 
than 200, the forces between layers prevent separation of clay layers. On the other 
hand, clay minerals, which cation exchange capacity lower from 50 meq/100 g 
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clay, could not separate the clay layers [23]. The ability to change cations is one of 
the best properties of bentonite. Hydration of the exchangeable cations is also the 
cause of the bentonite swelling, which is allowed to use as a swelling agent in 
nanocomposites. The cation exchange capacity of bentonite has a main origin, which 
is the permanent negative charge caused by isomorphous substitution in the 
tetrahedral and octahedral sheets of Montmorillonite, which is charge-balanced by 
exchangeable cations [24]. 
2.2.3. Anionic Clays 
It would be of interest to design and synthesize anionic clays, with properties that are 
the exact inverse of those of the cationic clays. Such materials would consist of a 
stacking of positively charged layers with anions intercalated in the interlayer region 
together with water molecules [25]. 
2.2.3.1. Hydrotalcite Group 
Understanding the structure of these compounds it is necessary to start from the 
structure of brucite, Mg(OH)2, where octahedra of Mg
2+
 (6-fold coordinated to OH
-
) 
share edges to form infinite sheets. These sheets are stacked on top of each other and 
are held together by hydrogen bonding.  
When Mg
2+
 ions are substituted by a trivalent ion having not too different a radius 
(such as Fe
3+
 for pyroaurite and A1
3+
 for hydrotalcite, respectively), a positive charge 
is generated in the hydroxyl sheet. This net positive charge is compensated for by 
(CO3)
2-
 anions, which lie in the interlayer region between the two brucite-like sheets. 
In the free space of this interlayer the water of crystallization also finds a place.  
The main features of HTlc structures therefore are determined by the nature of the 
brucite-like sheet, by the position of anions and water in the interlayer region and by 
the type of stacking of the brucite-like sheets. 
The sheets containing cations are built as in brucite, where the cations randomly 
occupy the octahedral holes in the close-packed configuration of the OH
-
 ions. The 
anion and water are randomly located in the interlayer region, being free to move by 
breaking their bonds and forming new ones (as in liquid water). The oxygen atoms of 
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the water molecules and of the (CO3)
2-
 groups are distributed approximately closely 
around the symmetry [26]. 
The most well known anionic clays are the hydrotalcite-like layered double 
hydroxides (LDHs) which are shown in Figure 2.5. LDHs are derived from the 
structure of mineral brucite, Mg(OH)2. Brucite consists of a hexagonal close packing 
of hydroxyl ions in which alternate layers of octahedral sites are occupied by Mg
2+
 
ions. This results in the stacking of charge-neutral hydroxide layers of the 
composition [Mg(OH)2], held together by van der Waal’s interaction. Such a 
structure throws open the possibility of performing interesting intercalation 
chemistry similar to that observed in the cationic clays. However, Mg(OH)2 is not 
known to exhibit any interlayer chemistry [25]. 
The general chemical formula of LDH clays is written as [M
ıı
1−xM
ııı
x(OH)2]
x+
(A
n−
 )x/n 
yH2O, where M
ıı
 is a divalent metal ion, such as Mg
2+
, Ca
2+
, Zn
2+
, etc, M
ııı
 is a 
trivalent metal ion, such as Al
3+
, Cr
3+
, Fe
3+
, Co
3+
, etc and A
n−
 is an anion, such as 
Cl
−
, CO3
2−
, NO3
−
, etc. The anions occupy the interlayer region of these layered 
crystalline materials. Although a wide range of values of x is claimed to provide 
LDH structure, the pure phase of LDH clays is usually obtained for a limited range 
as 0.2 ≤ x ≤0.33 [26]. 
Although LDHs have layered structure like layered silicates, the two are quite 
signiﬁcantly diﬀerent from each other. While LDHs have positively charged layers 
with anionic interlayer species (so they are called anionic clay), the layered silicates 
have positively charged layers with cationic interlayer species (hence called cationic 
clay). In terms of compositions, geometry and layer thickness, LDHs are vastly 
diﬀerent from layered silicates. In LDH, as described earlier, each crystal layer is 
composed of a single octahedral metal hydroxide sheet. Whereas, in layered silicates, 
it is a sandwiched structure of two or more sheets of metal oxides. For example, 
Montmorillonite crystal layer is made up of three sheets. One octahedral sheet 
containing oxides of Fe, Al, Mg, etc remains sandwiched between two silica 
tetrahedral sheets. This diﬀerence in layer structure results much lower crystal layer 
thickness and rigidity in case of LDHs [27]. 
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Figure 2.5 : Layer Double Hydroxide structure 
The most interesting properties of these LDHs can be summarized as follows: 
 High specific surface area (100 ± 300 m2/g). 
 Homogeneous dispersion of the metal ions thermally stable also at reducing 
conditions, with formation of very small and stable metal crystallites. 
Impregnation procedures for the preparation of metal catalysts normally 
cannot achieve such a high degree of metal dispersion. 
 Synergetic effects between the elements, due to the intimate dispersion, 
which favors, for example, the development of unusual basic or 
hydrogenating properties. It is worth noting that basic properties depend 
significantly on the composition and the calcination temperature. 
 “Memory effect”, which allows reconstruction under mild conditions (after 
calcination until 500 °C) of the original structure by contact with solutions 
containing various anions [28]. 
 Good anion exchange capacities: The charge density of hydroxide sheets in 
LDHs is in the range of 0.33 – 0.25 Cm−2 (as high as in mica, 0.32 – 0.34 
Cm
−2
), which is much higher compared to that observed in various cationic 
clays of both natural and synthetic origin. However, the remarkable behavior 
of LDH is their high reactivity toward various organic anions, which can 
exchange as much as 80 – 100% of the interlayer anions in LDHs [27]. 
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2.2.3.2. Modification of LDH 
Obtaining good dispersion in polyolefin matrixes, the organic modification of 
anionic clay is necessary before using it as a nanofiller. Generally, there are several 
modification methods for preparing organic modified anionic clay (LDH), they are as 
follows: 
Regeneration; Many LDH materials show a unique phenomenon called ‘memory 
effect,’ which involves the regeneration of layered crystalline structure from their 
calcinated form, when the latter is dispersed in an aqueous solution containing 
suitable anions. This property is often used to modify LDHs with different types of 
intercalating anions [29]. 
Anion exchange; this method takes the advantage of exchangeable interlayer anions 
present in LDHs by other anionic spices. Based on this property, the LDHs 
containing one type of intercalating anionic species can be synthesized from the 
LDHs containing another type of intercalating anion. 
One-step synthesis; It develops an effective and easy method to prepare organo-
LDH. No additional measures other than controlling the pH of the medium were 
required to obtain a high degree of intercalation by surfactant retaining the high 
crystallinity independent on the presence of other anions. The typical synthesis 
carries out by slow addition of a mixed metal salt solution to a modifier solution [30] 
Anion Exchange Capacity 
Anion exchange capacity is the sum of the exchangeable anions that a clay material 
can adsorb at a given pH and is a measure of the overall positive charge on clay 
minerals and other colloidal phases. As with cation exchange the anion exchange 
capacity is measured by saturating with an index anion (e.g. phosphate, chloride) and 
measurement of the amount adsorbed [31]. 
In contrast to the fixed-charge clay minerals, the charge on oxide surfaces and the 
edges of clay minerals can be positive, resulting in an anion exchange capacity 
depending on the pH. Anion exchange capacities exist at low pHs where there is 
adsorption of H
+
 ions resulting in a positive charge on the mineral surface. This 
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positive charge must be balanced by an equal amount of anions such as CI
-
, (NO3)
-
 
and (SO4)
2-
 [32]. 
Anion exchange capacity is also expressed as milliequivalents per 100 grams of 
material [31] 
2.3. Compatibilizer 
Compatibilizers, also referred to as coupling agents, are additives, that when added to 
a blend of immiscible materials during extrusion, modifies their interfacial properties 
and stabilizes the melt blend. One of the most successful techniques for 
compatibilization is with the use of thermoplastic maleic anhydride graft copolymers 
[33]. 
2.3.1. Compatibility and Compatibilizer 
When blending two polymers, the resulting behavior falls into three categories. 
Either they are miscible and compatible or immiscible and incompatible, or they 
behave somewhere in between these two extremes. 
Miscibility is considered to be the level of mixing of polymeric constituents of a 
blend yielding a material which exhibits the properties expected of a single phase 
material [34]. Miscible polymer blends behave similar to what is expected of a 
single-phase system. Their properties are a combination of the properties of the 
pure components and in many cases; they are intermediate between those of 
components. 
A blend is considered immiscible if it is separated into phases comprised primarily 
of the individual constituents. Phase separation is also established from 
thermodynamic relationship. Immiscibility leading to two or multi phases during 
blending is desired in various cases since the property combinations that one seeks 
require essentially a system in which each phase can contribute its own 
characteristic to blend material [35]. 
If the blend is immiscible, compatibilization becomes very important, because these 
materials have different polarities and structures, and the result is a two- phase 
mixture with poor properties, an undesirable state. Termed “compatibilization,” is 
interface modifications result in the stabilization of the dispersed morphology and 
minimization of the dispersed domain size. One established definition of polymer 
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blend compatibility is the average size of the dispersed phase. A successfully 
compatibilized blend of moderate composition (up to 30-wt. % minority component) 
exhibits spherical dispersed phases with consistent diameters averaging on the 
micron and submicron scale [36]. 
Compatibilizers are those products that allow blending of two immiscible polymers 
creating a homogeneous mixture. A compatibilizer works like a surfactant, lowering 
the interfacial tension between two incompatible polymers, thus allowing them to 
mix. The blends may continue to have two different phases but behave as if they are 
miscible. The compatibilizer usually has two parts and it compatibilizes two 
polymers, A and B. One part interacts with polymer A and the other part with 
polymer B, however to do so effectively they must be concentrated at the interface 
between the two different polymers. Because of this good dispersed polymer blend is 
seen. This good dispersion gives improvement of its properties. 
2.3.2. Classification According to Properties of Compatibilizers 
Compatibilizers can be classified as follows: non-reactive compatibilizers, reactive 
compatibilizers, and random, graft, and block copolymers. 
Reactive compatibilizers develop covalent bonds while non-reactive compatibilizers 
are typically miscible with one of the polymers from the blend. A compounder 
should select the compatibilizer that matches the polymers in the blend. Reactive 
compatibilizers require a reactive counter group while non-reactive compatibilizers 
should have good miscibility as well as good viscosity match [37]. 
A block copolymer contains blocks of monomers of the same type. The block can be 
reactive or non-reactive polymer groups. 
In random copolymers, the components, the base polymer B and a comonomer A, are 
distributed randomly along the polymer chain. When the comonomer A is reactive, it 
can work well as compatibilizers. 
A graft copolymer contains a main chain polymer consisting of one type of monomer 
with branches made up of other monomers. Only monomers are grafted to the 
backbone, the monomer should be reactive. The exposure of the reactive monomers 
on the usually non-reactive base polymer backbone makes them more accessible to 
an attack by other polymers, transforming them into effective compatibilizers. 
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Some of the common compatibilizers are: 
 Copolymers of ethylene with either ethylene acrylic acid, butyl acrylic acid 
or methyl acrylic acid 
 Ethylene butyl acrylate glycidyl methacrylate 
 Maleic anhydride grafted polyolefins or SBS copolymers 
 Copolymers of PMMA or PS with PP [37]. 
2.4. Polymer Nanocomposites 
Polymer nanocomposites are hybrid materials composed of a polymeric matrix and 
another phase, which has at least one dimension in the nanometer range, i.e. ≤100 
nm. This definition includes interpenetrating networks and polymer impregnated 
tridimensional skeleton structures with nanometric pores, like zeolites and molecular 
sieves. By narrowing this definition a little, nanocomposites can be considered as 
materials composed of polymeric matrices with nanoparticles inside. Nanoparticles 
are particles with at least one dimension ≤100 nm. They can be classified according 
to the number of nanometric dimensions: 
  bidimensional: lamellar particles with one nanometric dimension, e.g. 
nanolamellar silicates (clays) 
 one- dimensional: fibrillar and tubular particles with two nanometric 
dimensions, e.g. carbon nanotubes and cellulose whiskers 
 isodimensional: approximately spherical particles with three nanometric 
dimensions, e.g. spherical silica and latex nanoparticles, metallic 
nanoparticles and carbon black. 
Isodimensional nanoparticles have been widely used, as carbon black is the main 
type of reinforcement used in rubber. More recently, some work on polymer filled 
with silica nanospheres has been conducted, as well as work using nanotubes as 
fillers. However, most of research on nanocomposites so far is directed towards 
materials filled with nanometric lamellar silicates, commonly called nanoclays. 
Many polymers have been tested as matrices for these composites and 
nanocomposites exhibit improved properties, compared to traditional micro 
composites. Some of the properties found are: 
 improved mechanical properties (strength, stiffness) 
 improved dimensional stability, 
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 decreased gas, water and hydrocarbon permeability 
 increased thermal stability 
 flame retardancy and less smoke emission 
 improved chemical resistance 
 improved surface appearance 
 increased transparency 
 Weight reduction, similar properties to micro composites, but with much 
smaller filler loading. 
In practice, many of these properties have been observed only in special cases, 
because they depend on a good compatibility between the polymer and the clay, 
which is not easy to be achieved. To understand and try to increase this 
compatibility, it is very important to understand the structure of clay [38]. 
2.4.1. Polymer Nanocomposites Synthesis Methods 
At present, there are four principal methods for producing polymer–layered silicate 
nanocomposites: (1) Melt Blending Synthesis, (2) Solvent Based Synthesis, (3) In- Situ 
Polymerization and (4) Sol- gel Technology [39]. 
2.4.1.1. Melt Blending Synthesis 
The melt intercalation technique involves mixing the clay with the polymer in the 
molten state. If there is affinity between the clay and the polymer, the 
macromolecules will diffuse between the clay layers to produce an intercalated 
structure or eventually, to achieve exfoliation.  In this technique, nanoparticles are 
dispersed into the polymer matrix by high shear rate combined with diffusion at high 
temperature. Samples can then be fabricated by followed compression molding, 
injection molding, or fiber production techniques. 
Figure 2.6 illustrates this process of intercalation. The intercalation may happen 
statically, although the diffusion kinetics may be too slow because long polymer 
chains diffuse slowly. Usually, the shear and extension undergone by the material in 
an extruder or an internal mixer enhance the possibility of obtaining the desired 
intercalated or exfoliated structure [35]. 
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Figure 2.6 : Illustriation of intercalation process 
The melt intercalation technique has many advantages: 
 the absence of solvents reduces the costs associated with such solvents and 
with their disposal and environmental impact; 
 its versatility and the compatibility with existing processing infrastructures 
renders industrially and economically significant, the application of melt 
compounding in the production of polymer/clay nanocomposites; 
 Melt processing shifts nanocomposite production downstream, thereby giving 
end-use manufacturers many degrees of freedom with regards to final product 
specifications (e.g. selection of polymer grades, choice of organoclay, level 
of reinforcement, etc.). 
Cho et al. [40] carried out one of the first extensive studies on the effects of melt 
compounding conditions on nanoclay morphology and nanocomposite properties. 
Both a single screw and a twin-screw extruder were employed to produce polyamide-
based nanoclay composite. Results from samples produced using the single screw 
extruder at 40 rpms showed a poor exfoliation. A second pass through the single 
screw extruder was also attempted but the poor exfoliation was still existed. 
Composite produced using the twin-screw extruder showed considerable property 
improvements compared to composite processed with the single screw extruder. 
Exfoliation in the twin-screw processed material was found to be extensive after only 
a single pass. 
Nevalainen et al. [41] prepared MMT/PC composite using melt-compounding 
method in a twin-screw extruder. Pellet samples with 0, 1, 3, and 5-wt. % filler 
content were prepared. XRD and TEM results showed that a mixture of exfoliated, 
intercalated, and confined (i.e., the collapse of the interlayer distance) 
nanocomposites are obtained. The Young’s modulus and yield strength increased 
based on nanoclay possess. 
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Zhang et al. [42] prepared organoclay/maleic anhydride-modified polypropylene 
nanocomposites using a conventional twin-screw extruder. The particles of silicate 
layers were exfoliated and dispersed into the nanometer level. The impact strength is 
greatly improved at lower MMT content. However, the tensile strength of 
nanocomposites is not increased much compared with that of polypropylene and 
conventional filled composite, especially at higher clay concentration (i.e. 5 wt. %). 
This works show that the usage of twin-screw extruder is more advantageous than 
single screw extruder for preparation nanocomposites. Better exfoliation in nanoscale 
occurs by usage of twin-screw extruder. 
2.4.1.2. Solvent Based Synthesis 
In this technique, the layered silicate is exfoliated into single layers using a solvent in 
which the polymer (or prepolymer in case of insoluble polymers, such as polyimide) 
is soluble. It is well known that such layered silicates, owing to the weak forces that 
stack the layers together can be easily dispersed in an adequate solvent. After the 
organoclay has swollen in the solvent, the polymer is added to the solution and 
intercalates between the clay layers. The final step consists of removing the solvent, 
either by vaporization, usually under vacuum, or by precipitation. Upon solvent 
removal, the sheets reassemble, sandwiching the polymer to form a nanocomposite 
structure [39]. 
2.4.1.3. In- Situ Polymerization 
In the case of in situ polymerization, the modified clay is dispersed inside the 
monomer (or solution of monomer) so that the monomer can penetrate within the 
interlayer spacing of the clay, causing delamination. Then, the polymerization 
reaction occurs between the clay layers. Most of the exfoliated nanocomposites have 
been prepared using this technique because it is possible to choose the reagents and 
polymerization routes most suitable to obtain good affinity between the clay and the 
polymer. A very common procedure is to modify the clay by the addition of 
functionalized cations so that the monomer can react with them to produce polymers 
with cationic groups attached to the clay surface [38]. 
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2.4.2. The Structure of Nanocomposites 
Once the clay is mixed with a polymer, three different morphologies may be 
expected. If there is no affinity between the polymer and the clay, a conventional 
micro composite is observed (Figure 2.7.a). If there is some affinity between the clay 
and the polymer, the polymer chains tend to penetrate between the platelets, 
increasing the interlayer spacing to form an intercalated microstructure (Figure 
2.7.b). Finally, if the interaction between the clay and the polymer is very good, an 
exfoliated morphology can be obtained (Figure 2.7.c) [38]. 
 
Figure 2.7 : Three main morphology types observed after addition of clay within 
polymer 
a) immiscible microcomposite; b) intercalated nanocomposite;  
c) exfoliated nanocomposite 
Intercalated structures are formed when a single (or sometimes more) extended 
polymer chain is intercalated between the silicate layers. The result is a well ordered 
multilayer structure of alternating polymeric and inorganic layers, with a repeat 
distance between them. Intercalation causes less than 20–30 Å separation between 
the platelets. 
On the other hand, exfoliated or delaminated structures are obtained when the clay 
layers are well separated from one another and individually dispersed in the 
continuous polymer matrix. In this case, the polymer separates the clay platelets by 
80–100 Å or more. That is, the interlayer expansion is comparable to the radius of 
gyration of the polymer rather than that of an extended chain, as in the case of 
intercalated hybrids. 
The exfoliation or delamination configuration is of particular interest because it 
maximizes the polymer–clay interactions making the entire surface of layers 
available for the polymer. This should lead to the most significant changes in 
mechanical and physical properties. In fact, it is generally accepted that exfoliated 
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systems give better mechanical properties than intercalated ones. The complete 
dispersion of clay nanolayers in a polymer optimizes the number of available 
reinforcing elements for carrying an applied load and deflecting cracks. The coupling 
between the tremendous surface area of the clay and the polymer matrix facilitates 
stress transfer to the reinforcement phase, allowing for mechanical property 
improvements. 
However, it is not easy to achieve complete exfoliation of clays and, indeed with few 
exceptions, the majority of the polymer nanocomposites reported in the literature 
were found to have intercalated or mixed intercalated exfoliated Nanostructures. This 
is because the silicate layers are highly anisotropic, with lateral dimensions ranging 
from 100 to 1000 nm, and even when separated by large distances (i.e. when 
delaminated) cannot be placed completely randomly in the sea of polymer. 
Furthermore, the majority of the polymer chains in the hybrids are tethered to the 
surface of the silicate layers. Thus, it can be expected that there are domains in these 
materials, even above the melting temperature of the constituent polymers, wherein 
some long-range order is preserved and the silicate layers are oriented in some 
preferred direction. This long-range order and domain structure is likely to become 
better defined at the higher silicate contents, where the geometrically imposed mean 
distance between the layers becomes less than the lateral dimensions of the silicate 
layers, thus forcing some preferential orientation between the layers. However, there 
might be considerable poly dispersity effects in terms of the orientation and the 
distance between the silicate layers. Many such randomly oriented grains make up 
the entire sample leading to the presence of disordered material. Thus, in general the 
material possesses a layered structure, with grains wherein the silicate layers are 
oriented in a preferred direction leading to the presence of grain boundaries and 
concomitant defects. 
2.4.3. Structural Characterization of PNCs 
Two complementary techniques are generally used to characterize the structures of 
nanocomposites: XRD and transmission electron microscopy (TEM) [43, 44, 46, 47]. 
Due to its ease of use and availability, XRD is most commonly used to probe the 
nanocomposite structure and occasionally to study the kinetics of polymer melt 
intercalation [46]. This technique allows the determination of the spaces between 
structural layers of the silicate utilizing θ Bragg’s law: sin θ = nλ/2d, where λ 
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corresponds to the wave length of the X-ray radiation used in the diffraction 
experiment, d the spacing between diffractional lattice planes and θ  is the measured 
diffraction angle or glancing angle [43, 47]. By monitoring the position, shape and 
intensity of the basal reflections from the distributed silicate layers, the 
nanocomposite structure may be identified [46]. 
For immiscible polymer mixtures, the structure of the silicate is not affected. On the 
other hand, in comparison with the spacing of the organoclay used, the intercalation 
of the polymer chains increases the interlayer spacing, leading to a shift of the 
diffraction peak towards lower angle, according to Bragg’s law. In such intercalated 
nanocomposites, the repetitive multilayer structure is well preserved, allowing the 
interlayer spacing to be determined (Figure 2.8.). In contrast, the extensive layer 
separation associated with exfoliated structures disrupts the coherent layer stacking 
and results in a featureless diffraction pattern. Thus, for exfoliated structures no more 
diffraction peaks are visible in the XRD diffractograms either because of a much too 
large spacing between the layers (i.e. exceeding 8 nm in the case of ordered 
exfoliated structure) or because the nanocomposite does not present ordering [43, 44, 
45]. 
 
Figure 2.8 : Typical XRD patterns from polymer/layered silicates 
(a) PE + organoclay→no formation of a nanocomposite, (b) PS + 
organoclay→intercalated nanocomposite, (c) siloxane + organoclay→delaminated 
nanocomposite 
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Although XRD offers a conventional method to determine the interlayer spacing of 
the silicate layers in the original layered silicates and the intercalated nanocomposites 
(within 1–4 nm), little can be said about the spatial distribution of the silicate layers 
or any structural in homogeneities in nanocomposites. Additionally, some layered 
silicates initially do not exhibit well-defined basal reflections. Thus, peak broadening 
and intensity decreases are very difficult to study systematically. Therefore, 
conclusions concerning the mechanism of nanocomposite formation and structure 
based solely on XRD patterns are only tentative. On the other hand, TEM allows a 
qualitative understanding of the internal structure and can directly provide 
information in real space, in a localized area, on morphology and defect structures 
[48]. 
Since the silicate layers are composed of heavier elements (Al, Si and O) than the 
interlayer and surrounding matrix (C, H and N), they appear darker in bright-field 
images. Therefore, when nanocomposites are formed, the intersections of the silicate 
sheets are seen as dark lines, which are the cross sections of the silicate layers, 
measuring 1 nm thick. However, special care must be exercised to guarantee a 
representative cross-section of the sample [56, 57]. Figure 2.9 shows the TEM 
micrographs obtained for an intercalated and an exfoliated nanocomposite. As 
already mentioned, besides these two well defined structures other intermediate 
organizations can exist presenting both intercalation and exfoliation. In this case, a 
broadening of the diffraction peak is often observed and one must rely on TEM 
observation to define the overall structure [43]. 
 
Figure 2.9 : TEM micrographs of polystyrene based nanocomposites 
(a) intercalated nanocomposite and (b) exfoliated nanocomposite 
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Fourier transform infrared spectroscopy (FTIR) also used to elucidate the structure of 
the nanocomposites. FTIR may be able to identify differences between the bonding 
in a mixture and the bonding in a related nanocomposite, but as these variations are 
minute, even when intercalation has taken place, at present FTIR is an unreliable 
method of characterization in most cases [47]. 
Differential scanning calorimeter (DSC) also provides further information 
concerning intercalation. The many interactions the intercalated chains of the 
polymer form with the host species greatly reduce their rotational and translational 
mobility. The situation is similar to that in a reticulated polymer, where restrictions 
on its mobility increase its glass transition temperature (Tg). A similar increase is 
anticipated to occur in a nanocomposite due to elevation of the energy threshold 
needed for the transition. DSC readily detects this effect. Figure presents DSC traces 
of polystyrene (PS), a PS/OMLS mixture and an intercalated PS/OMLS 
nanocomposite. The PS and PS/OMLS mixture curves clearly display the 
characteristic peak due to glass transition of the polymer. The presence of this peak 
in the mixture is evidence of the absence of interactions between the organic and the 
inorganic phases. The transition is absent in the nanocomposite curve and in fact 
occurs at temperatures higher than those shown in Figure 2.10. In addition to being 
an interesting analytical datum, the considerable increase in Tg is an important 
property of these materials that enables them to be employed at higher temperatures 
compared with the original polymer and thus extends their fields of application. 
Dating, the aforementioned subsidiary methods have only been used to confirm the 
evidence from the primary methods. However, building a clearer picture of the 
changes that occur when a nanocomposite forms is important, as it not only helps to 
characterize the material, but also in principle could indicate novel methods of 
synthesis [47]. 
Concerning the evaluation of other nanocomposites structural characteristics, it 
should be noted that the amount of clay present in a sample might be estimated, as 
for conventional composites, i.e. by placing pre-dried nanocomposite pellets in a 
furnace at ca. 900 °C for approx approximately 45 min. The resulting ash is then 
weighed and corrected for loss of structural water [49]. 
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Figure 2.10 : DSC traces of pure PS, a physical mixture of PS/OLS, and PS 
intercalated OLS 
The thermal characterization of polymeric nanocomposites is usually studied by 
thermo gravimetric analysis (TGA). The weight loss due to the formation of volatile 
products after degradation at high temperature is monitored as a function of 
temperature. When the heating occurs under an inert gas flow, a non-oxidative 
degradation occurs, while the use of air or oxygen allows oxidative degradation of 
the samples [46]. Generally, the incorporation of clay into the polymer matrix was 
found to enhance thermal stability by acting as a superior insulator and mass 
transport barrier to the volatile products generated during decomposition [50]. Figure 
2.11 shows the TGA curves of pure PS and different nanocomposites containing 3% 
of clay. It shows that the thermal stability of the nanocomposite is enhanced relative 
to that of virgin PS, and the typical the beginning temperature of the degradation is 
about 50 °C higher for the nanocomposites. From Figure 2.11 it is clearly observed 
that the degradation mechanism of polystyrene nanocomposites is somehow different 
from the others; there is a second step in the degradation. This second step accounts 
for about 30% of the degradation of the phosphonium-PS nanocomposite, and must 
be attributed to some interaction between the clay and the PS that serves to stabilize 
the nanocomposite. The most likely explanation is that the higher decomposition 
temperature of the phosphonium clay provides for the formation of char at a more 
opportune time to retain the PS. In the case of ammonium clays, char formation 
occurs earlier and can be broken up by the time the polymer degrades. 
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Figure 2.11 : TGA curves for pure polystyrene and three different polystyrene 
nanocomposites 
It becomes obvious from this section that a major issue when synthesizing polymer–
layered silicate nanocomposites is the characterization of the product. In fact, many 
of the studies conducted so far in this field are solely dedicated to structural and 
thermal characterization of the nanocomposites, without reporting properties of the 
products. 
2.4.4. Works on PNC including MAH/IA Grafting Polystyrenes 
Polymer-layered silicates are the most common group of nanocomposites. Although 
first reported by Blumstein in 1961, the real improvement of this technology started 
in the 1990s. 
In the first study of Utracki and his co-workers, which are about polystyrene/clay 
nanocomposites, three grades of atactic polystyrene, with different molecular 
weights, were compounded with an ammonium-modified Montmorillonite (Cloisite 
10A) in a twin-screw extruder. The compounding was carried out in two steps: 
preparation of a master batch containing 10 - wt. % Cloisite 10A, and subsequent 5-
fold dilution. Final PNCs were characterized for the degree of intercalation, 
degradation, rheological behavior, and mechanical properties. The most significant 
result showed that the thermal decomposition of the quaternary ammonium 
intercalant caused severe damage to both polymer nanocomposite components: a 
collapse of the organoclay interlayer spacing, and the thermo-oxidative degradation 
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of polystyrene. Mechanical properties were also similar with the morphological 
structure found by XRD and TEM. The tensile strength of the nanocomposites was 
found to decrease for all molecular weights, while the tensile modulus was found to 
increase for all the molecular weights [51]. After these high thermal depredation and 
poor mechanical properties, Utracki and Wilkie made second study about this 
subject. The main objective of this work was to prepare exfoliated PNC with PS as 
the matrix. Two commercial PS were used, and two organoclays—one prepared in 
this laboratory (COPS), and the other commercial Cloisite 10A which has already 
used in the first study. Having exfoliated PNC, COPS organoclay with 
macromolecular intercalant was prepared. The preparation involved two steps: the 
free radical copolymerization of styrene with vinyl-ammonium compound, followed 
by Na-MMT intercalation. According to the XRD diffraction data, the clay platelets 
in COPS and its PNC with PS were relatively well dispersed, i.e. with the interlayer 
spacing of d001=7–8 nm. By contrast, d001 in PNC prepared with Cloisite 10A was 
only 4 nm. However, the number of clay platelets per stack in PS/COPS was found to 
be significantly larger than that in PS/Cloisite 10A. The scanning and transmission 
electron microscopy indicated that in the PS matrix COPS existed in form of large, 
immiscible domains. At concentration exceeding 5.8-wt. % of COPS, the domains 
started to form a three-dimensional network with enhanced elasticity and progressive 
viscoelastic non-linearity. The mechanical properties of samples were tested for the 
tensile, flexural, and impact behavior. For comparison, PS, PS/COPS, and 
PS/Cloisite 10A were examined. Both PNCs showed poor performance; stiffness of 
PS/COPS samples was ca. 18% of what could be expected of homogenous, fully 
exfoliated PNC, whereas that of PS/Cloisite 10A was about 27%. Furthermore, 
addition of COPS resulted in significant reduction of strength in tensile, flexural and 
impact strength. In short, the overall performance of PS/COPS was slightly inferior 
to that of PS/Cloisite 10A [51]. 
After last two studies, Wilkie and his co-workers were prepared styrenic polymer 
clay nanocomposites by melt blending of the polymers with modified clays. Clay 
was modified with an oligomeric surfactant containing styrene and lauryl acrylate 
units along with a small amount of vinyl benzyl chloride to permit the formation of 
an ammonium salt so that this can be attached to clay. The oligomerically modified 
clay contains 50% inorganic clay, and styrenic polymer nanocomposites, including 
those of polystyrene (PS), high-impact polystyrene (HIPS), styrene acrylonitrile 
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copolymer (SAN) and acrylonitrile butadiene styrene (ABS). PS and HIPS 
nanocomposites have a largely immiscible morphology while SAN and ABS 
nanocomposites have a mixed intercalated/delaminated morphology, based on XRD, 
TEM and cone calorimetry. The plasticization from the oligomeric surfactant was 
suppressed and the tensile strength and Young’s modulus were increased, compared 
to similar oligomerically modified clays with higher organic content [52]. 
In one study Chow and his co-workers used to extrusion technique followed by 
compression molding to prepare polystyrene (PS)/organo-Montmorillonite (OMMT) 
nanocomposite. The addition of OMMT ranged from 2–10 -wt. %. Maleic-anhydride 
grafted poly(styrene-block-(ethylene-co-butadiene)-block-styrene) (SEBS-g-MAH) 
was added to PS/OMMT composites in order to improve the impact strength of the 
composites. The concentration of SEBS-g-MAH ranged from 5–15%. The 
mechanical properties of PS/OMMT were characterized using flexural and impact 
tests. The morphological properties of the composites were studied using X-ray 
diffraction (XRD). XRD spectra showed that a good intercalation of the OMMT 
layered silicates in the PS matrix. The flexural modulus of PS was increased by the 
addition of OMMT due to the reinforcement of OMMT. However, the incorporation 
of the SEBS-g-MAH reduced the flexural modulus. Flexural strength, flexural 
displacement, and toughness of PS decreased with increasing loading of OMMT. 
Optimum loading of OMMT was achieved at 2 -wt. % in which a good balance of 
mechanical properties for PS/OMMT nanocomposites was obtained Conversely the 
incorporation of OMMT, the addition of SEBS-g-MAH improved the flexural 
strength, flexural displacement, and impact strength of PS/OMMT significantly. The 
percentage of retention and recovery in impact strength of PS/OMMT 
nanocomposites after being subjected to hygrothermal aging were increased by the 
addition of SEBS-g-MAH [48]. 
In a study of Lee and co-workers, they investigated the performance of a PP grafted 
with maleic anhydride and styrene (PP-g-MAH-St) as compatibilizers in PP/clay 
nanocomposites to have a comparison with PP grafted with maleic anhydride (PP-g-
MAH) which is known to be the most efficient compatibilizer for PP/clay 
nanocomposites. It was found that the addition of styrene as a comonomer prevents 
molecular weight reduction of the PP main chain upon high loading of a radical 
initiator for high graft degree of MAH. The compatibilizers (PP-g-MAH-St) thus 
obtained show good compatibilizing performance in PP/clay nanocomposites. . It 
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was observed that PP-g-MAH-St show better compatibilizing effect than the PP-g-
MAH. Upon higher graft degree of the MAH group, PP-g-MAH-St enabled PP/clay 
nanocomposites to have the higher stiffness as well as the higher toughness, whereas 
the PP-g-MAH provided only higher stiffness but the lower toughness in the 
nanocomposites [53]. 
In the study of George and his friends, formation of high modulus and strength a PS 
rich blend of PS/HDPE (80/20) was selected and the blend was modiﬁed using low 
cost nanokaolin clay, a 1:1 alumina silicate. The effect of maleic anhydride grafted 
PS/PE as compatibilizer in this system was studied. The composites were 
characterized by X-ray diffraction, differential scanning calorimetric and dynamic 
mechanical analyzer techniques. Nanokaolin clay acted as an efficient reinforcing 
agent for the PS/HDPE blends. Mechanical properties improved with an optimum of 
2 -wt. % of clay. The improvement becomes signiﬁcant in the presence of a 
compatibilizing agent at 10–15 wt %. The tensile strength and tensile modulus of 
compatibilized blends enhanced by 18 and 10%, respectively as compared to the neat 
matrix. XRD results showed that the formation of nanocomposite as the nanoclay 
was intercalated. The storage modulus of compatibilized blends was much greater 
than the modulus of neat matrix. DSC data showed an increase in melting 
temperature of the compatibilized nanocomposite [54]. 
In a research of Park and co-workers, the production of nanocomposite of 
syndiotactic polystyrene (sPS)/organophilic clay was conducted by melt 
intercalation. The nanocomposites were fabricated via two different methods, one is 
the stepwise mixing method and the second one is the simultaneous mixing method. 
The microstructures of nanocomposites were characterized by X-ray diffraction 
(XRD) and transmission electron microscopy. The mechanical properties of the 
nanocomposites such as tensile strength, flexural modulus and Izod impact strength 
were also measured. Both fabrication methods yielded the nanocomposites with 
different microstructures ranging from intercalated structure to exfoliated structure 
depending on the kind of amorphous styrenic polymers, which was revealed by the 
increase in interlayer spacing on X-ray spectrum. The microstructures of the 
nanocomposites depend on the kind of amorphous styrenic polymers. 
Nanocomposites using SMA had firmer intercalation structure than those using aPS 
due to the interaction of maleic anhydride with layer surface of clay, and the 
exfoliated structure was obtained in nanocomposites using SEBS-MA. The 
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improvement of mechanical properties was observed by accomplishing the 
nanoscaled hybrid between polymer and clay. However, there was a difference 
between the two fabrication methods in view of the tensile strength. The stepwise 
mixing method was more favorable than the simultaneous mixing method in the case 
of the occurrence of intercalation structure since the former method yields more 
complete intercalation structure. On the other hand, the nanocomposites having 
exfoliated structure showed similar mechanical properties in both fabrication 
methods. Thus, the simple simultaneous mixing method was more favorable in this 
exfoliated case [55]. 
Panwar and his friends studied a similar study of Park and co-workers. This study 
described the role of compatibilizer i.e. styrene-maleic anhydride copolymer, its 
content and compounding method on the properties of polystyrene/clay 
nanocomposites. The nanocomposites were produced using three different methods: 
(i) simultaneous mixing of all the components; (ii) stepwise mixing method and (iii) 
in situ polymerization method. The effect of processing method on the 
microstructure of nanocomposites was characterized by using X-ray diffraction and 
transmission electron microscopy. The mechanical properties of nanocomposites 
such as tensile, flexural and Izod impact strength were also measured. All the 
fabrication methods yielded nanocomposites with different microstructure ranging 
from intercalated to exfoliated structure of nanoclay. Re-compounding method 
allowed better dispersion of clay. This could be due to the increase in the residence 
time during compounding, which allows better interaction between nanoclay and 
polystyrene. Further, the eﬀective combination of in situ polymerization method and 
melt blending showed the best dispersion with formation of intercalated or exfoliated 
structures. Thermal stability and the mechanical properties of nanocomposites were 
dependent on the method of compounding and it was found to be best for composites 
prepared using by in situ polymerization. In addition, the compatibilizer content was 
found to be the second signiﬁcant factor for enhancing mechanical and thermal 
properties of polystyrene/clay nanocomposites. From these studies it can be 
concluded that nanocomposites prepared using 10% (w/w) SMA (as compatibilizer) 
gave an optimum combination of properties [56]. 
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3. EXPERIMENTAL  
3.1 Chemical Used 
3.1.1. Polystyrene (PS) 
Polystyrene was obtained from BASF corp. (158 K). Its number averaged and 
weight averaged molecular weights were 127 400 g/mol and 310 900 g/mol, 
respectively. 
3.1.2. Itaconic Acid (IA) 
                              CH2 
                             ║ 
HOOC – CH2  –  C – COOH 
 
Systematic name, 2-methylene succinic acid, was the product of Fluka A. G. With 
a 99% purification was used without any purification procedure. (MP = 165- 167 
°C) 
3.1.3. Lauroyl Peroxide (LPO) 
With the formula C24H46O4 lauroyl peroxide was used as an initiator and its 
molecular weight is 398.62 g/mol. It was received from ‘Sigma- Aldrich’ and was 
used without any purification. (MP = 53- 57 °C)  
3.1.4. Nanofiller 2 
It is Na-MMT commercially modified by Benzyldimethylstearylammonium chloride 
and it was obtained from Süd Chemie. 
3.1.5. Sodium Montmorillonite (Na-MMT) 
The used Cloisite (Na-MMT) was supplied from Southern Clay Products.  Its cation 
exchange capacity (CEC) is 92.6 meq/100 g and surface area is bigger than 750 m
2
/g. 
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3.1.6. Xylene  
It was used as a solvent, which is a product of Merck A.G. 
3.1.7. Methyl Alcohol 
It was used for precipitation of reacted samples, was obtained from Merck A.G. 
3.1.8. Ethyl Alcohol 
It was used as a solvent, which is a product of Merck A.G. 
3.1.9. Hydrochloric Acid (HCI) 
37% HCl solution, which is a product of Merck A.G., was used for 
modification of clay. 
3.1.10. Benzyldimethylhexadecylammonium chloride 
It was used as a modifier for Na-MMT, was obtained from Sigma Aldrich Co. with 
Mw= 396.06 g mol
-1 
3.1.11. Benzyltributylammonium chloride 
It is a modified agent for modification of Na-MMT and it is a product of Sigma 
Aldrich Co. with Mw= 311.93 g mol
-1
 
3.1.12. Tributylhexadecylphosphonium bromide 
It was used as a modifier for Na-MMT, and it was obtained from Sigma Aldrich Co. 
with a 98.0% and Mw= 507.67 g mol
-1 
3.1.13. LDH modified by Sodium Dodecylbenzenesulfonate 
Sodium Dodecylbenzenesulfonate modified layer double hydroxide was prepared 
the procedure given in the literature [57]. 
3.1.14. Styrene maleic anhydride random copolymer (SMA copolymer) 
It was used as a compatibilizer for polymer nanocomposite, which containing 8-wt 
% maleic anhydride, was purchased from the ARCO Chemical Co. with Dylark 232 
brand name. 
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3.2. Equipment Used  
3.2.1. Magnetic Stirrer with Heater 
It was used for heating and mixing the samples while modifying clays and 
synthesizing itaconic acid grafted polystyrene. This instrument’s maximum mixing 
rate is 1250 rpm and it can be heated to a maximum temperature of 300 °C. 
3.2.2. Vacuum Drying Oven 
WTC Binder model oven was used at the 70 °C to remove the residual 
methanol, xylene and ethanol on grafted polymer samples and to dry modified 
clay. 
3.2.3. Microwave Oven 
Vestel MD 930 model MW applicator has the sizes as 335x339x245 mm (WxHxD), 
energy outgoing power as 1000 W and MW frequency as 2.45 GHz. This oven has 
ten MW levels at the range of 10-100. All experiments were run at first level, which 
is equal 100 W powers, fixing the temperature at 72 °C. 
3.2.4. pH Meter 
Orion 3-Star Plus model pH Meter was used for grafting ratio determination of IA-g-
PS compatibilizer and result comparison with analytical method. 
3.2.5. Extruder  
We used Micro-Extruder to prepare the polymer nanocomposites by melt mixing 
method. This Micro-Extruder is DSM Micro Compounder (Figure 3.1.) which is 
ensured from DSM Xplore Company. Co-rotating twin- s c r ew  extruder motor 
power of is 900 W, screw speed range is 1-250 rpm, and maximum torque is 12 
Nm/screw. Maximum internal temperature of extruder is 450 °C. Total capacity of 
extruder barrel is 16 cm
3
. 
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Figure 3.1 : DSM Xplore Micro Compounder 
3.2.6. X-Ray Diffraction (XRD) Apparatus 
X-ray diffraction analysis (XRD) is a nondestructive method for the structure 
analysis of crystals. The sample is irradiated with monochromatic X-ray light and 
the stray radiation recorded. An important field of application is the identification of 
crystalline fractions in samples. Measurement were made by using GE Sensing 
and Inspection Technologies XRD 3003 T/T Model diffractometers with CuK 
radiation and the used wave length is λ=1.542 Å. 
3.2.7. Advanced Rheometric Expansion System 
Rheological method can be used for comparison of the exfoliation degree of PSNC 
samples. These results give semi-quantitative values about nanodispersion rate of 
PSNC samples. Rheological measurements were made by using Advanced 
Rheometric Expansion System, which is a product of Tain Instruments Company. 
3.2.8. Gel Permeation Chromatogram (GPC) 
Molecular weight determination and rate of degradation, which is calculated by 
molecular weight differences between pure polystyrene and PSNC samples, were 
determined with Gel Permeation Chromatography. Agilent Technology 1200 Series 
HPLC pump, Fa. Bures ETA 2020 Model viscosity detector, Wyatt Technology 
MiniDawn Model LS detector and Agilent Technology 1 Pl Mixed-C PS gel 
(300 7.5 mm and 5µm) are used in Gel Permeation Chromatogram. THF was used 
as an eluent. 
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3.2.9. Thermal Gravimetric Analysis (TGA) Apparatus 
Rate of contents (clays, compatibilizers and polystyrene) inside PSNC samples were 
determined with thermo gravimetric analysis by using TGA Q 5000, which is 
product of TA Instruments Company. It has Infrared furnace, which offers wide 
range of linear and ballistic heating rates from ambient to 1200 °C and 25-positions 
auto sampler. 
3.2.10. Differential Scanning Calorimeter (DSC) 
Thermal analysis was made by using differential scanning calorimeter. DSC Q 
Advanced TZERO
TM
 Technology was used for this measurement and it is a product of 
TA Instruments Company. This apparatus has 50-positions auto sampler, digital 
mass flow controllers and advanced TZERO technology. 
3.2.11. Transmission Electron Microscope (TEM) 
Transmission Electron Microscopy was made for structural and morphological 
characterization of PSNC samples. TEM images were obtained with a Zeiss Libra 
200 MC TEM device. Measurements were carried out using an accelerating voltage 
of 200 kV, while the exposure times were varied from 0 to 120 s. Nanocomposites 
were cut to 70 nm with a Leica Ultracut model ultratome. After cutting, samples 
were placed on copper grids for examination. 
3.3. Experimental Procedure 
3.3.1. Preparation and Purification of Grafted Polystyrenes 
All grafting reactions were carried out at 72 °C with 100 W microwave input 
power. Polystyrene was dissolved in xylene then was mixed together with LPO 
and monomer in a certain proportion. In all experiments, the weight ratio of 
xylene to polystyrenes is always 10/1. 
A little amount of ethanol was added to mixture in order to dissolve monomers better 
in the reaction solution. The mixtures were put into the microwave applicator, 
irradiated for the expected time, and then removed. The samples were precipitated in 
methyl alcohol, and then dried in vacuum at 80 °C. The products were used to 
determine the grafting ratio. Grafting ratio values were calculated by using back 
titration technique. Determination of pH change was made by using indicator with 
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color change. Same process was also made by the usage of pH meter without 
addition of indicator. The result of these two techniques compared with each other. 
Graft copolymers, which were used as compatibilizers, were obtained by 
grafting polystyrene with IA in 100 W microwaves at 72 °C.  
3.3.2. Preparation of Organoclays 
For the preparation phosphonium or ammonium modified Na-MMT; firstly, the pure 
Na-MMT were dried in vacuum at 60 °C for 12 h. The amounts of the surfactants 
added to all clays were 1.5 times the CEC. 5 g of clay were put into 150 ml of w % 
50:50 distilled water: ethanol solution at room temperature, in a Erlenmeyer flask 
equipped with a mechanical stirring bar. System was heated till it reached 80 °C. 
After 4 h, mixing was stopped and then the organo-Montmorillonite was precipitated 
by centrifuge at 5000 rpm and 5 minutes. Washing was repeated for at least six times 
until no halide traces were detected with silver nitrate by repeating centrifuge step. 
After washing, the organically modified Na-MMT was dried overnight at room 
temperature followed by drying at 80 °C for 24 h under vacuum. Thus, they were 
grinded. 
3.3.3. Preparation of PNCs 
Single step melt mixing method was used to prepare PNCs for all samples. For 
this purpose, optimization conditions were determined at different temperatures, 
cycling time and rotational speed for single step melt mixing in DSM Micro 
Compounder twin-screw extruder. During the optimization, the important criteria 
were to prevent the degradation and shark skin effect, and to provide the 
homogeneity of polymer nanocomposites. 
Several extruder temperatures were tried between 170-210 °C to determine an 
optimum temperature, which will allow easy processing and prevent degradation of 
polymer nanocomposites for 85 rpm and 5 min. cycling time. It was shown that at 
high set temperatures, polymer nanocomposites underwent to degradation, while at 
low temperatures, homogeneous polymer nanocomposites could not be achieved 
and moreover shark skin effect occurred. 
For determining the rotational screw speed, the experiments were done within the 
range of 80-100 rpm screw speeds for 185 °C, 200 °C and 5 min. cycling time. The 
suitable screw speed for the processing of PNC was determined as 85 rpm, 
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because in the speeds of lower than this value “shark skin effect”, in the speeds of 
higher than this value degradation occurred. 
A cycling time was optimized for the process to provide a homogeneous dispersion 
of organoclay in matrix and prevent degradation of PNC. In addition, it was 
important to choose a short cycling time to increase out-put of the process. In the 
pre-works, to determine the influence of the cycling time on homogeneity, surface 
appearance and out-put, the experiments were done within the range of 2-5 min. 
Consequently, optimization conditions were determined as 185 °C and 200 °C set 
temperatures, 85 rpm screw speed with 5 min. cycling time. Two different 
temperatures were chosen to have a comparison between boundary temperature 
conditions. 
3.4. Test and Analyses 
3.4.1. Measurement of Grafting Ratio  
A small amount of grafted polystyrene was dissolved and heated to 110 °C with 
reflux in 100 mL xylene for 30 min., followed by cooling to 60 °C. 30 milliliters 
0.005 N potassium hydroxide (KOH)/ethanol solution was added, and the mixture 
was heated under reflux for 15 min. The alkali concentration was determined by 
acid titration using 0.005 N hydrochloride (HCl)/isopropanol solution. The 
indicator was 0.1% bromothymol blue/ethanol solution. Same process was also 
made by using pH meter without any addition of indicator. The results were 
compared with each other to have a certain idea for grafting ratio values. A blank 
was carried out by the same method too. 
Grafting degree is expressed by the following equation: 
 
   
           
        
      
where N is the concentration of HCl/isopropanol(mol/L), W is quantity of sample 
(g), V is the volume of HCl/isopropanol used by titration, V0  is the volume of 
HCl/isopropanol used in a blank assay,  MW is the molecular weight of monomer 
and n is the number of carboxyl group on the monomer. 
(3.1) 
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3.4.2. X-ray Diffraction (XRD) Analysis 
XRD technique is an important field of application is the identification of crystalline 
fractions in samples. Equipment was used for structural analyses of the pure Na-
MMT, modified Na-MMTs and PSNC samples. XRD patterns of the samples were 
recorded by monitoring the diffraction angled (2θ) from 0.5 o to 25 o. Samples were 
determined by using XRD equipment at 40 kV, 30 mA with CuKα radiation (  
         ). Basal distances of the layers (d) were calculated by using Bragg 
equation              . In the equation, λ is the wavelength of the x-ray, θ (°) is 
the scattering angle, and n is an integer representing the order of the diffraction peak. 
3.4.3. Rheological Analysis 
Rheological method was used for comparison the degree of exfoliation of PSNC 
samples. Rheological results of samples were obtained as the flow curves (apparent 
viscosity vs. shear rate). These flow curves taken under low amplitude measurement 
conditions were fitted to the power law expression: 
                                 (3.2) 
with η, apparent viscosity; A, a sample specific pre-exponential factor; ω, the 
oscillation frequency of the rheometer equivalent to shear rate; n, the shear thinning 
exponent. 
In order to determine A and n, a plot of log η vs. log ω was made and fitted to a 
straight line. The shear thinning exponent n was the proposed semi-quantitative 
measure of nanodispersion of the PSNC samples. 
3.4.4. Gel Permeation Chromatography (GPC) 
Number average molecular weights, weight average molecular weights and 
molecular weight distributions of pure polystyrene, IA-g-PS and PSNC samples were 
calculated by using gel permeation chromatogram. This technique also allowed us to 
determine degradation rate of PSNC samples in different extrusion conditions. 
3.4.5. Thermo Gravimetric Analysis (TGA) 
Thermal gravimetric analysis (TGA) of the pure polystyrene and PSNC samples 
were carried out by using Q5000 thermal gravimetric analyzer from 40 ºC to 800 ºC 
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at a heating rate 10 ºC/min. Nitrogen was used as a carrier gas with a constant flow 
rate during analysis. 
3.4.6. Differential Scanning Calorimetry (DSC) 
Differential scanning calorimetry (DSC) of the IA-g-PS and PSNC samples were 
determined by using Q Advanced TZERO
TM
 differential scanning calorimeter from 80 
ºC to 150 ºC at a heating rate 10 ºC/min. Nitrogen was used as a carrier gas with a 
constant flow rate during analysis. 
3.4.7. Transmission Electron Microscopy (TEM) 
The aim is to examine the interface between polystyrene and organoclay dispersion 
in the matrix. PSNC samples were cut and sliced samples were put on copper grids, 
before the TEM investigation to provide electro conductivity. 
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4. RESULTS AND DISCUSSION  
In this work, polystyrene nanocomposites (PSNC), which contain compatibilizer 
and organoclay in polystyrene (PS) matrix, were synthesized. For preparing 
PSNCs, organically modified Na-MMT was mixed with PS and compatibilizer in 
co-rotating twin-screw extruder by a single step method. 
At the beginning of the study, two types of polystyrene were used for preparation of 
PSNC. One of them was high Mw BASF PS (158 K) and other one was low Mw PS. 
GPC result of low Mw PS was very broad. Due to this result, the PSNC samples 
were prepared by using BASF PS, which was called PS in sample list. GPC result of 
this PS is given as 130k/310k/2.4 (Mn/Mw/HI) respectively. 
Na-MMT, which was modified by using three kinds of modifier in laboratory, was 
used in this work. Experimental technique of modification was given in Section 
3.3.2. One commercially modified Na-MMT, which is called Nanofiller 2, was also 
used in preparation polystyrene nanocomposites. All modified and unmodified Na-
MMTs were characterized by using XRD analysis. 
Two kinds of compatibilizer were used while preparing samples. One of them was 
synthesized in laboratory and experimental procedure was explained in Section 
3.3.1. The grafting degree of the IA was given in Section 4.2. Other one was 
styrene maleic anhydride random copolymer, which containing 8-wt. % maleic 
anhydride and purchased from the ARCO Chemical Co. with Dylark 232 brand 
name. 
Pre works were done in order to determine the optimum compounding conditions of 
the samples in Micro extruder. 
4.1. Pre works for compounding conditions  
Totally 14 samples were prepared by using PS, four different types organoclay and 
two different types compatibilizers. Small amount of LDH was added to four 
samples to see the effect of it. PSNC contained each organoclay in constant ratio as 
5% and two concentration levels of each compatibilizer. Eight of them were 
compounded at 185 °C, 85 rpm and 5 min. cycling time and six of them were mixed 
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at 200 °C, 85 rpm and 5 min cycling time. In Table 4.1, list, extrusion conditions 
and compositions of PSNC samples can be seen, respectively.  
PSNC samples were started to prepare by using one-step and two-step extrusion 
techniques. In one-step extrusion, polystyrene, compatibilizer and organoclay were 
mixed by using melt compounding techniques. In other type of extrusion, at first step 
compatibilizer was extruded with organoclay to prepare masterbatch. At second step, 
prepared masterbatch was compounded with polystyrene inside extruder by melt 
mixing. In two-step extrusion, high rate of degradation and dimmed PSNC were seen 
because of high residence time in extruder. Therefore, PSNC samples were prepared 
via one-step extrusion technique. 
Optimum extrusion condition of PSNC was determined by study in Section 3.3.3. 
As a result of this work, optimization conditions were chosen as 185 °C and 200 °C 
set temperatures, 85 rpm screw speed and 5 min. cycling time. Two different 
temperatures were chosen to have a comparison between boundary temperature 
conditions. 
Thermal and structural characterizations of PSNC samples were made and results 
were interpreted in next sections. Thermal characterizations were made by using 
DSC, TGA and GPC analysis. Moreover, structural characterizations were made by 
using XRD, rheological and TEM analysis. 
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Table 4.1 : Sample descriptions, process conditions and contents of samples 
 
Sample 
No 
 
Processing 
Conditions 
Composition 
PS
a 
Clay
b 
Compatibilizer LDH 
% Type % Type % 
Sample 1 200 °C; 85 
rpm; 5 min. 
100 - - - - 
Sample 2 200 °C; 85 
rpm; 5 min. 
85 Nanofiller 2 10 SMA copolymer - 
Sample 3 200 °C; 85 
rpm; 5 min. 
80 Nanofiller 2 15 SMA copolymer - 
Sample 4
c 
200 °C; 85 
rpm; 5 min. 
75 Nanofiller 2 15 SMA copolymer - 
Sample 5 200 °C; 85 
rpm; 5 min. 
80 Nanofiller 2 15 IA-g-PS - 
Sample 6 200 °C; 85 
rpm; 5 min. 
80 Clay 1 15 SMA copolymer - 
Sample 7 200 °C; 85 
rpm; 5 min. 
80 Clay 1 15 IA-g-PS - 
Sample 8 185 °C;85 
rpm;5min. 
80 Nanofiller 2 15 IA-g-PS 0.75 
Sample 9 185 °C;85 
rpm;5min. 
80 Nanofiller 2 15 SMA copolymer - 
Sample 10 185 °C;85 
rpm;5min. 
80 Clay 1 15 SMA copolymer - 
Sample 11 185 °C;85 
rpm;5min. 
80 Clay 2 15 SMA copolymer - 
Sample 12 185 °C;85 
rpm;5min. 
80 Clay 3 15 SMA copolymer - 
Sample 13 185 °C;85 
rpm;5min. 
80 Clay 1 15 IA-g-PS 0.75 
Sample 14 185 °C;85 
rpm;5min. 
80 Clay 2 15 IA-g-PS 0.75 
Sample 15 185 °C;85 
rpm;5min. 
80 Clay 3 15 IA-g-PS 0.75 
a: BASF PS (158 K) were used for preparation of all the samples 
b: All type of clays were added 5%  
c: Sample 4 contains 5% Antioxidant (H-Si 6440) 
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4.2 Results of Grafting Ratio Measurement of IA-g-PS 
In order to have a single grafting ratio value; all IA-g-PS samples, which were 
synthesized in separately, were dissolved in xylene and solution was precipitated in 
methyl alcohol. Two measurements were made for dried IA-g-PS by using analytical 
method and pH meter. Average grafting ratio value was found as 0.95%. 
4.3. Results of XRD analysis  
XRD analysis was done according to the procedure explained in section 3.4.2. XRD 
patterns of the raw Na-MMT, modified Na-MMT and PSNC samples were obtained 
and their 2 Theta (°), d001 (Å) values are displayed in Table 4.3. XRD result of raw 
Na-MMT is given in Figure 4.1. It has 11.9 Å d001 value and 7.4 °2 Theta value. 
 
Figure 4.1 : XRD result of raw Na-MMT  
The list of four modifiers for Na-MMT modification is shown in Table 4.2 and the 
results of modified Na-MMT with these modifiers are revealed in Figure 4.2 and 
Figure 4.4. Clay 1 is the name of organoclay, which was modified with Modifier 1, 
Clay 2 is Modifier 2 modified organoclay, Clay 3 is Modifier 3 modified Na.MMT 
and Nanofiller 2 is the commercially modified Na-MMT. As seen from the results, 
modification of the pure Na-MMT caused an increase in the basal distance of planes. 
Comparison of organoclays showed that the Na-MMT, which was modified with 
Modifier 3, had the best d001 value as 22.1 Å and 2 Theta value as 4 °. Commercially 
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modified Nanofiller 2 had the worst d001 value as 19.8 Å and 2 Theta value as 4.5 °. 
Although Modifier 1 and Modifier 2 modified Na-MMT, which had similar d001 and 
2 Theta values, had very broad peaks, Modifier 3 modified Na-MMT and Nanofiller 
2 showed sharp peaks. 
Table 4.2 : Modifier list for Na-MMT modification 
Sample name Modifier for Na-MMT modification 
Modifier 1 50% Benzyldimethylhexadecylammonium chloride + 
50% Benzyltributylammonium chloride 
Modifier 2 Benzyldimethylhexadecylammonium chloride 
Modifier 3 Tributylhexadecylphosphonium bromide 
Nanofiller 2 Benzyldimethylsteavylammonium chloride 
 
 
Figure 4.2 : XRD comparison of all modified clays 
XRD patterns of PSNC samples (Sample 8, 9, 10, 11, 12, 13, 14 and 15) are 
indicated in Figure 4.3 and Figure 4.4. All the samples were prepared in same 
processing conditions. 
Even though Sample 15 was produced by adding Clay 3, which had the best d001 and 
2 Theta values, its XRD result was the worst one. It showed that this structure had 
the worst exfoliation. 
2 Theta (°) values of the other samples did not show a big difference with each other. 
Even though they contain different compatibilizers, Nanofiller 2 containing Sample 8 
and Sample 9 had similar d001 and 2 Theta values. 
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Sample 10 and Sample 13 contain same organoclays (Clay 1) and different 
compatibilizers. IA-g-PS including Sample 13 showed better d001 and 2 Theta values 
than SMA copolymer containing Sample 10. 
Although they contain same organoclays (Clay 2), SMA copolymer including 
Sample 11 reversely showed better result than IA-g-PS containing Sample 14. 
In conclusion, Clay 3 and SMA copolymer including Sample 12, Clay 2 and SMA 
copolymer containing Sample 11 and Clay 1 and IA-g-PS including Sample 13 
showed the best d001 and 2 Theta values. 
 
Figure 4.3 : XRD comparison of PSNC samples  
 
Figure 4.4 : XRD comparison of modified clays and PSNC samples 
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Table 4.3 : XRD results of pure Na-MMT, organoclays and PSNC samples 
Sample Name 2 Theta (°) d001 (Å) 
Na-MMT 7.4 11.9 
Clay 1 4.2 21.0 
Clay 2 4.3 20.5 
Clay 3 4.0 22.1 
Nanofiller 2 4.5 19.8 
Sample 8 2.53 34.9 
Sample 9 2.63 33.6 
Sample 10 2.55 34.6 
Sample 11 2.29 39.0 
Sample 12 2.48 35.2 
Sample 13 2.51 35.7 
Sample 14 2.9 30.5 
Sample 15 4.06 21.8 
 
4.4. Results of Rheological Analysis 
Rheological results of PSNC samples were determined according to the procedure 
explained in section 3.4.3. Semi-quantitative measure of nanodispersion (n) values of 
PSNC samples are given in Table 4.4. They were calculated from the slopes of the 
log η vs. log ω graphs. The n percentages of the samples did not show a big 
difference with each other. The reasons of small discrepancies were explained at the 
bottom side. 
Sample 3 and Sample 5 were prepared in same processing conditions by using same 
organoclay (modified with Nanofiller 2) and different compatibilizers. SMA 
copolymer containing Sample 3 had higher n percentage than IA-g-PS including 
sample as 32%. 
Sample 3 and Sample 8, which have same composition, were produced in different 
processing conditions. The change of process temperature did not cause a big 
difference for n percentage of the sample, and it was found as 32%. 
Although they include different compatibilizers, Nanofiller 2 modified organoclay 
containing Sample 8 and Sample 9 did not show a big difference with each other. 
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After this result, it was understood that, Nanofiller 2 has similar compatibility with 
both compatibilizers. 
Even though they contain same Modifier 1 (modified with 50% 
benzyldimethylhexadecylammonium chloride +50% benzyltributylammonium 
chloride) modified organoclays, IA-g-PS including Sample 13 showed higher n 
percentage than SMA copolymer containing Sample 10 as 35%. This result shows 
that, IA-g-PS has better compatibility with Clay 1 modified organoclay. 
Sample 11 and Sample 14 also include same organoclays, which were modified with 
Modifier 2 (benzyldimethylhexadecylammonium chloride) and different 
compatibilizers. Reversely results were seen for these samples and SMA copolymer 
including Sample 11 has better compatibility with Clay 2 as 36% n value. 
As a result, Modifier 2 modified Na-MMT and SMA copolymer including Sample 
11, Modifier 3 (tributylhexadecylphosphonium bromide) modified organoclays and 
SMA copolymer including Sample 12 and Modifier 1 modified organoclay and IA-g-
PS containing Sample 13 displayed the highest n percentage as 35% and 36%. 
Table 4.4 : Semi-quantitative measure of nanodispersion values of PSNC samples 
Sample Name n values 
% 
Sample 3 32 
Sample 5 29 
Sample 8 32.5 
Sample 9 31.5 
Sample 10 32.5 
Sample 11 36 
Sample 12 35 
Sample 13 35 
Sample 14 30.5 
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4.5. Results of GPC analysis  
GPC results of PS, IA-g-PS and PSNC samples were determined according to the 
procedure explained in section 3.4.4. GPC results of all samples are shown in Table 
4.4. Two measurements were made for each sample to have a certain result and these 
two results were given in the Table 4.4.  
While comparing two samples; if Mw values are constant, even though Mn values 
show small reduction with each other, this result can be interpreted that there is not 
any degradation. 
Mn and Mw values of PS, slightly increased by grafting IA to the structure. After 
processing pure PS at 200 °C; 85 rpm; 5 min, small reduction was seen for Mn value 
although Mw value is almost same. This result showed that degradation did not occur 
after processing. 
Sample 8 and Sample 9 were prepared in same process conditions by using same 
organoclay (modified with Nanofiller 2) and different compatibilizers. IA-g-PS 
containing Sample 8 had higher Mn and Mw values than SMA copolymer including 
Sample 9. 
Sample 9, Sample 10, Sample 11 and Sample 12 were produced in same process 
conditions by adding same compatibilizer (SMA copolymer) and four different types 
organoclay. A little bit higher and similar Mn and Mw values were obtained by 
addition organoclays, which were modified with Modifier 2 
(benzyldimethylhexadecylammonium chloride) and Modifier 3 
(tributylhexadecylphosphonium bromide). However, these differences can be 
negligible. 
Sample 8, Sample 13, Sample 14 and Sample 15 were also prepared in same 
condition with last group, but IA-g-PS was used beside SMA copolymer and small 
amount of LDH was added to the structure. Addition organoclay, which modified 
with Modifier 2 and Modifier 3 caused a little bit higher Mn and Mw values than 
other two samples, too. These discrepancies are negligible too.  
As a comparison of these last two groups, the samples, which contain IA-g-PS and 
LDH, had higher Mn and Mw values than SMA copolymer including samples. 
 
 60 
Table 4.5 : Mn, Mw and HI values of pure PS, IA-g-PS and PSNC samples 
Sample Name Mn [kg/mol] Mw [kg/mol] Mw/Mn(HI) 
PS 130 
125 
309 
313 
2.38 
2.50 
IA-g- PS 131 
136 
315 
323 
2.40 
2.38 
Sample 1 113 
119 
303 
308 
2.69 
2.58 
Sample 5 161 
164 
310 
315 
1.93 
1.92 
Sample 8 142 
147 
306 
311 
2.15 
2.12 
Sample 9 133 
130 
285 
287 
2.32 
2.21 
Sample 10 127 
128 
288 
285 
2.27 
2.23 
Sample 11 143 
143 
292 
292 
2.04 
2.04 
Sample 12 144 
146 
293 
292 
2.03 
2.0 
Sample 13 153 
153 
312 
311 
2.04 
2.03 
Sample 14 160 
161 
315 
316 
1.97 
1.96 
Sample 15 163 
162 
308 
309 
1.89 
1.91 
4.6. Results of TGA analysis 
The thermal gravimetric analyses (TGA) of PSNC samples were performed in order 
to investigate and compare thermal properties of them. Results of the samples are 
shown in Table 4.6 and Figure 4.5. In Table 4.6, T0.95 or Tmax indicates temperature at 
95% weight loss; T0.1 shows temperature at 10% weight loss. At T0.5 of the table, the 
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highest weight loss rates are seen. Residues at 800 °C show the percentages of 
inorganic contents in the samples.  
Sample 3 and Sample 5 were prepared in same processing conditions by adding same 
organoclay (Nanofiller 2) and different compatibilizer. Tmax value of SMA 
copolymer including Sample 3 was higher than Tmax value of IA-g-PS containing 
Sample 5. Inorganic content percentages and weight loss rates of these two samples 
were almost same due to the usage of same organoclay.  
Sample 3 and Sample 9 were produced in different process conditions by using same 
organoclay (Nanofiller 2) and same compatibilizer (SMA copolymer). The reduction 
of the processing temperature did not change the results. It showed that there is not 
degradation with temperature increment. 
Sample 9, Sample 10, Sample 11 and Sample 12 were prepared in same process 
conditions by adding same compatibilizer (SMA copolymer) and four different types 
organoclay. The highest Tmax value as 469 °C was obtained in Sample 11 by addition 
organoclay, which were modified with Modifier 2 
(benzyldimethylhexadecylammonium chloride). This sample also showed the highest 
percentage of residues with 4.23% at 800 °C. The usage of Clay 3 (modified with 
tributylhexadecylphosphonium bromide) in structure of Sample 12 displayed the 
lowest Tmax value as 455 °C and inorganic content percentage as 3.03%. It also 
showed the highest weight loss rate. The other two samples indicated very similar 
thermal properties with averagely 463 °C Tmax value. 
Sample 8, Sample 13, Sample 14 and Sample 15 were also prepared in same 
condition with last group, but IA-g-PS was used beside SMA copolymer and small 
amount of LDH was added to the structure. Sample 8, Sample 13 and Sample 14 
showed higher and similar T0.1 and T0.5  values. Clay 3 containing Sample 15 had the 
lowest Tmax value and the highest weight loss rate. It displayed the worst thermal 
properties. 
Residues percentages of SMA copolymer including samples except Sample 12 were 
higher than IA-g-PS containing samples. 
In Figure 4.6, TGA curve did not show the certain percentage of inorganic content. 
Sample 12 and Sample 15 displayed the worst thermal properties. Sample 11 showed 
the best thermal properties. The other samples indicated good thermal characteristics. 
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Table 4.6 : TGA results of PS and PSNC samples 
Sample 
name 
T0.1 
 
(°C) 
T0.95 
 
(°C) 
T0.5 
 
(°C) 
Weight loss at 
470 °C 
(%) 
Residue at 
800 °C 
(%) 
Sample 3 388 460 429 95.65 3.61 
Sample 5 395 453 431 96.46 3.42 
Sample 8 396 457 433 96.10 3.46 
Sample 9 387 461 430 95.75 3.75 
Sample 10 385 464 431 95.48 3.94 
Sample 11 387 469 434 95.05 4.23 
Sample 12 375 455 414 96.60 3.03 
Sample 13 396 461 435 96.20 3.21 
Sample 14 396 456 431 96.32 3.24 
Sample 15 394 454 418 96.25 3.40 
 
 
Figure 4.5 : TGA curve of PSNC samples 
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4.7. Results of DSC 
Differential scanning calorimetry (DSC) was done according to the procedure 
explained in section 3.4.6. Although the results and curves of cooling and second 
heating have already been, first heating results and curves were given in this section, 
because all the results were similar with each other.  
The analysis of BASF PS and SMA copolymer were not made due to their Tg values 
have already existed in litterateur as 100 °C for BASF PS and 109 °C for SMA 
copolymer. However, Tg value of IA-g-PS was calculated, because it was 
synthesized in laboratory and DSC result of IA-g-PS is given in Table 4.7.  
DSC analysis of Sample 5, Sample 8, and Sample 9 were also made. Tg values of 
these samples are given in Table 4.7 and they were calculated from Figure 4.6. In 
Sample 5 and Sample 8, even though same type of organoclay (modified with 
Nanofiller 2) and compatibilizer (IA-g-PS) were used, processing condition was 
changed and trace amount of LDH was added to Sample 8. These changes did not 
show a big difference between Tg values, it was only enhanced 1 °C. The reason of 
this increase could be addition of LDH or different processing conditions. The 
sample 8 and Sample 9 were prepared in same processing condition by using same 
organoclay (modified with Nanofiller 2) and different compatibilizer. The sample 9 
contained SMA copolymer beside IA-g-PS as a compatibilizer. The sample 8 also 
included small amount of LDH. Because of this difference, Tg value of Sample 9 
was 4 °C higher than Sample 8. The usage of SMA copolymer caused this increment. 
Table 4.7 : DSC analysis results of IA-g-PS and PSNC samples 
Sample Name Weight 
(mg) 
1st heating 
Tg 
(°C) 
∆cp 
(J/gK) 
IA-g-PS 4.329 90 0.35 
Sample 5 4.547 98 0.30 
Sample 8 4.624 99 0.25 
Sample 9 4.060 103 0.21 
 64 
 
Figure 4.6 : DSC curves of IA-g-PS and PSNC samples 
4.8. Results of TEM analysis 
Transmission Electron Microscopy (TEM) was done by using the technique 
explained in section 3.4.7. Sample 11, Sample 12 and Sample 14 were characterized 
with this method. All of them were prepared in same processing conditions.  
Modifier 2 (Benzyldimethylhexadecylammonium chloride) modified organoclay and 
SMA copolymer containing Sample 11 and Modifier 3 
(Tributylhexadecylphosphonium bromide) modified organoclay and SMA copolymer 
including Sample 12 showed similar structural behavior as a result of TEM images. 
SMA copolymer was used as a compatibilizer for the preparation of these two 
samples. TEM images of them, which are displayed in Figure 4.7 and Figure 4.8, 
revealed considerable exfoliation of the MMT inside PS matrix. However, some 
double and multilayer tactoids have still remaining inside the structure for both of the 
samples. These results were interpreted as partially exfoliation.  
IA-g-PS and Modifier 2 modified organoclay were added inside the composition of 
Sample 14. Poor miscibility with PS was seen for this sample (Figure 4.9). MMT 
was dispersed at meso scale (macro scale), but it was not delaminated. Many large 
multilayer tactoids, with small d spacing remained with very few single delaminated 
layers.  
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Figure 4.7 : TEM image of Sample 11 
 
Figure 4.8 : TEM image of Sample 12 
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Figure 4.9 : TEM image of Sample 14 
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5. CONCLUSIONS  
PSNC samples were synthesized by using single step melt mixing method. Two 
process conditions were chosen as 185 °C, 85 rpm and 5 minute cycling time and 
200 °C, 85 rpm and 5 minute cycling time in order to compare the effect of different 
processing temperatures. 
For preparing organoclays, Na-MMT was organically modified by using 
tributylhexadecylphosphonium bromide and benzyldimethylhexadecylammonium 
chloride as single cation modifiers and benzyldimethylhexadecylammonium chloride 
with benzyltributylammonium chloride double cation modifier. Commercially 
modified Nanofiller 2 was also used for the preparation of PSNC samples. Two 
compatibilizers were used in preparation of samples. One of them was synthesized 
by grafting itaconic acid (IA-g-PS) to the main chain of polystyrene. The other one is 
commercial compatibilizer, which is called SMA copolymer. 
After modification, distance change between the layers of organoclays and PSNCs 
were evaluated by X-ray Diffraction (XRD). The highest distance between the layers 
(d001) for four different organoclays was calculated. The usage of 
tributylhexadecylphosphonium bromide modifier showed the highest d001 value as 
22.1 Å. In the comparison of the PSNC samples, the Sample 11, which prepared with 
addition of 15% SMA copolymer and benzyldimethylhexadecylammonium chloride 
modifier containing organoclay, give the best d001 value as 39.0 Å. Sample 12, which 
was prepared by adding 15% SMA copolymer and Tributylhexadecylphosphonium 
bromide modifier containing organoclay and Sample 13, which was prepared by 
adding 15% IA-g-PS, small amount of layer double hydroxide (LDH) and 
benzyldimethylhexadecylammonium chloride with benzyltributylammonium 
chloride double cation modifier including organoclay have also good results as 35.2 
Å and 35.7 Å d001 values, respectively. Sample 15, which was prepared by adding 
15% IA-g-PS, small amount of LDH and Tributylhexadecylphosphonium bromide 
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modifier containing organoclay showed the worst d001 value as 21.8 Å. Because of 
this result of Sample 15, other structural characterizations were not made for it. 
Structural characterizations of the PSNC samples were also made by using 
Rheological Analysis [58]. Semi-quantitative measure of nanodispersion (n) values 
of PSNC samples were calculated from the slopes of the log η vs. log  graphs. The 
results were same with XRD analysis. Sample 11 had the best n value as 36% and 
Sample 12 and Sample 13 had good n percantages as 35%. Sample 14, which 
contains 15% IA-g-PS, small amount of layer double hydroxide (LDH) and 
Benzyldimethylhexadecylammonium chloride modified organoclay, had the worst n 
value as 30.5%. After results of these analysis, Transmission Electron Microscopy 
(TEM) were made for Sample 11 and Sample 12, which had better results and 
Sample 14, which had the worst result in order to have a certain idea about structures 
of these samples. The results of TEM were similar with results of XRD and 
Rheological analysis. To sum up, Sample 11 and Sample 12 were interpreted that 
partially exfoliation and poor miscibility was seen for Sample 14. 
Thermal characterization of the PS, compatibilizers and PSNC samples were made 
by using Differential Scanning Calorimetry (DSC), Thermal Gravimetric Analysis 
(TGA) and Gel Permeation Chromatogram (GPC). The results showed that 
processing pure PS and the changes of the processing temperatures did not cause any 
degradation of PSNC samples. They also indicated SMA copolymer containing 
samples had better thermal properties than IA-g-PS including samples. Thermal 
analysis results of the PSNC samples were compatible with the results of the 
structural characterization of the samples. Thermal characterization enhancements of 
the samples closely related the exfoliation of clay layers. As a result, partially 
exfoliation Sample 11 and Sample 13 had better thermal properties than other 
samples.  
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